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Abstract

ABSTRACT

The Dolphin Sands unconfined, sand, fresh water aquifer has an area of ~14km?, and
is mainly located on the Dolphin Sands- Nine Mile beach coastal spit, 5km north of
Swansea, Tasmania. It is an important water resource influenced by saltwater
interaction, pumping and septic waste disposal. Water tables vary from 5m to 0.97m
below surface in 19 bores sampled, and discharge around in the coast occurs in part
above the tide-line, as indicated by conductivity sampling. The area currently contains
semi-permanent residences, which mainly use bore water for all household purposes.
Thisthesis evaluates the relative influence of these factors to aid the determination of
sustainable water use practices in the Dolphin sands community.

In a geochemica survey of 16 surface water and groundwater samples distributed
along the whole aquifer, major ionic species ratios identify three different water types
at and around Dolphin Sands: (1) end-member precipitation; (2) carbonate-reacted
water; and in the most western samples, a mixed water reflecting incorporation of
bedrock waters. However, the ionic data, and head maps, show that precipitation is

the predominant source of recharge to the Dolphin Sands Aquifer.

Conductivity contrasts within the sub-surface depicted by the electrical techniques
(EM34 and DC resistivity) indicate the relationship between fresh and underlying salt
water. A salt water- freshwater interface is at shallow levels (between 0 and 3 metres)
below the surface within 60 metres of the coast. The interface between the two fluids
dips sharply inland 100 metres from the south coast and 400 metres of the north coast.
This provides evidence that groundwater extraction coastward of the change in
interface orientation is likely to be far more vulnerable to over pumping of the fresh
water zone, with consequences of aquifer salinisation. More detailed delineation of

the interface will assist water management in the area.

Measurement of groundwater conductivity is the cheapest means of first detection for
septic  effluent. Typical background groundwater conductivity is 7mS/m, so
conductivity greater that this is indicative of groundwater contamination, by either salt
water or septic effluent. Vaues >7mS/m should be evaluated for septic-specific

contaminants, such as NO'3, total coliforms etc.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer
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In terms of septic contamination, water chemistry is shown to be useful for identifying
septic effluent in and above the water table in the Dolphin Sands Aquifer based on
detailed results from one site. A combination of aerobic and anaerobic conditions
detected chemically indicates that breakdown of nitrogen species occurs at high
enough rate to attenuate nitrogen quickly within the groundwater system. Septic
contaminants enter the groundwater system at levels regarded as unsafe for human
consumption. However, attenuation of septic contaminants occurred within 20 metres
down gradient of the septic trench investigated. Water analysis supports the
geophysical investigation, which identifies conductivity highs corresponding to

conductive septic water mounds proximal to the septic trench.

The groundwater table prediction software “Flowtube” was used to evaluate the effect
of changing precipitation and vegetation patterns on the aquifer. The response of the
water table to a number of different scenarios was modelled based on simulations
offered by Flowtube. Current climatological data is used, with a number of different
simulations run for low precipitation and high precipitation events over a projected
10-year period. The affects of vegetation and pumping on the aquifer simulated a drop
in the water table between 2 and 6 metres depending on high and low rainfall values.
Simulations were run if vegetation and pumping were removed to understand the
response of the water table, which results in a rise of the water table between 1.1 to
1.4 metres.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer




Chapter 1 Introduction

CHAPTER 1. INTRODUCTION

1.1 INTRODUCTION
This thesis examines the hydrogeology and contamination potential of the Dolphin

Sands sand spit north of Swansea on Tasmania's east coast. The area has a history of
recurring droughts, due to a combination of adverse topographic and geologic factors.
Steep slopes, short river courses and a porous substrate confine water courses to flow
to the wetter months of the year in the adjacent Swan River catchment. To date, hard-
rock groundwater in the area has proven expensive to extract, and is also saline in
some areas (Stevenson, 1973). Dolphin Sands spit, then is an important water
resource locally and regionally, with an estimated water volume of 24.5 billion litres
(Cromer, 2001). The unconsolidated sands that make up the spit make ideal aquifers
and are able to store vast quantities of water. An aguifer such as this must be

recognised as an important resource especially in periods of low rainfall.

The East Coast not only relies on the aquifer for water abstraction but also as a means
for disposing of wastes. Decentralised communities along the east coast must use on-
site wastewater treatment systems to dispose of their wastes. Septic tank adsorption
systems (STAS) are one such common wastewater disposal system, with other
disposal units such as compost toilets and long drop toilets also used. The efficiency
of such systems depends upon water table height, local geology and care of systems.
The concern at Dolphin Sands is that with a fluctuating seasonal population there
exists a potential threat to contamination of the groundwater system unless careful
monitoring of waste disposal is emplaced. This thesis evaluates the contamination

potential of some typical septic infiltation systems in the aquifer.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 1
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1.2 AIMS
This thesis describes a study of the hydrogeology of Dolphin Sands and aims to
address a number of issues related to groundwater development of the area. The thesis

isdivided into four sections to identify the main topics of interest:

1) What isthe potential for groundwater contamination by septic effluent?

2) Determine whether saltwater contamination is a threat to the groundwater?
3) Determine hydrological characteristics.

4) Identify the groundwater source or sources.

The general aims of this thesis are to evaluate current groundwater water use practices
at Dolphin Sands.

1.3LOCATION

Dolphin Sands is situated approximately 5 km north east of Swansea on the east coast
of Tasmania (Figure 1.1). Dolphin Sands is a mid-bay sand spit approximately 14km
long and 1 km wide separating the estuary of the Swan River from the Tasman Sea.
Dolphin Sands was first sub divided in the late 1960's, with final sub-division
complete by 1980. Coastal reserves extend 30 metres inland from the high water mark
along the entire length of the beach. The Swan river reserve covers Bagot Point at the
eastern end of the spit and borders Moulting Bay Lagoon Game Reserve (Thorp,
2002). The spit is subdivided into approximately 325 blocks between 3 acres and 30
acres, as well as larger agricultural pastures to the northwest. Many blocks are used
only part of the year, so that the population typically increases during the summer
months influenced by both land-owners and visitors. It is difficult to determine the
number of dwellings as many blocks do not have established infrastructure and
caravans or tents are used. At present there is no data available for water usage rates
or wagte disposal. Dolphin Sands is accessible by way of Dolphin Sands road, which
extends to Bagot Point.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 2
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Figure 1.1 Location of Dolphin Sands. Note: Scalein km.
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1.4 GEOLOGY

1.4.1 Regional

In the late Cretaceaous to Early Tertiary the break up of Australia from Antarctica
caused crustal fracturing. Faulting and subsidence approximately 70Ma produced
horst and graben structures (Scanlon et al., 1990). One of these structures is the
Oyster Bay graben trending north-south. This structure runs parallel to the East Coast
and together with the Midlands graben merges with the northwest-southeast trending
Derwent Graben in the Storm Bay area. Approximately 300 metres of Tertiary
sediments were deposited in the graben structure (Burrett & Martin, 1989) which was
flooded by sea level rise following the ending of the last ice age (D’Emden, 2002).
The grabens are hosted by Jurassic Dolerite and subordinate Triassic sandstone. The
lower elevation mid-catchment areas, where the major tributaries join the main rivers,
contain Recent alluvium with sandstone, mudstone, limestone, gravels, sand and mud

(D’Emden, 2002). Figure 1.2 shows the geology of the area.
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Figure 1.2 Regional geology. Cross section location shown by black
line at the western edge of Dolphin Sands spit (refer to Figurel.4).
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1.4.2 L ocal Geology and morphology

A spit isalow-lying narrow ridge of sand or pebbles joined to the land at one end and
terminating at the other end in deeper water (Moffatt, 1991). Sand spits are formed
where there is a longshore drift created by dominant wave patterns. Spits usually
comprise from the coast inland, one or two fordunes, and a ridge and swale system,
usually backed by a low lying swamp, wetland, bay or river. The beach ridge system
is often about 2 to 4 m above mean sea level (Cromer, 2001). Foredunes may be about
5 to 10 m high. Dolphin Sands appears to be a very typical Tasmanian sand spit
system. Figure 1.3 shows a profile of Dolphin Sands dune system.

Profile of sand ridge system
Lagoon Ocean

s /V‘\/V\‘ AN AV A
\ ~ A A
3 v vy va /V\VA/\ AN N A

/
25 1 VAR any e SP=VA M|
A\

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

Distance (m)

Figure 1.3 Representative profile of Dolphin Sands Dune System located midpoint approximately:
Easting 596700 Northing 5339700

The Dolphin Sands sand spit consists of beach sand overlying a Tertiary clay base. In
profile it dips slightly seaward in cross-section (Figure 1.3) Clay has been recorded
between 1 and 9 m below sea level at the western end of Dolphin Sands (Cromer,
1979). Figure 1.4 shows a simplified cross section at the western end of the spit.
Beach sands forming the main body of the spit consist predominately of fine to

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 5




Chapter 1 Introduction

medium-grained quartz sand and shell fragments with minor amounts of limonite.
Discontinuous organic and shelly layers persist within the beach sand at varying
depths. Due to the limited outcrop it is difficult to predict the continuity of these
layers. A well defined shell-grit layer is present on the lagoonal side of the spit
approximately 3 metres above sea level, approximately 6 cm thick. A similar layer has
been identified at depths of 10 metres between the mid to eastern section of the spit
(Smith pers.comm. 2002), but is not visible on the ocean side of the spit. At least three
models can be assumed: 1) the layer is discontinuous; 2) the layer slopes downwards
and is below sea level on the ocean side of the spit; 3) At least two major shell-grit
beds occur within the spit.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 6
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The dune and swale system unconsolidated sands and lack of water courses indicate
there is little run off and most rain water is trapped in swales and percolates into the
groundwater system.

Figure 1.5 shows detailed local geology at the western end of Dolphin Sands spit.
Beach sands extend to approximately 587640 east and north towards the Swan river.

R
Q T By
.
) \\ . y
R sy

/‘
R

Quaternary :
—. Marsh deposits
I:I Beach <nd |:| Jurassic Dolerite
|:| Aeolian sand |:| Tertiary Clay
Lag deposits

. Fluvial deposits— Lower river terrace . ag dep

|:| Dolerite scree
|:| Fluvial deposits— Upper river terrace
. Estuarine deposits

500 1000

%
/A Lunette clay and sand I |

Figure 1.5 Detailed geology at western end of Dolpin Sands. Modified from Cromer (1979)
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There is no information regarding sub-surface geology, therefore it is difficult to
determine the nature of the aguifer and relationship between different geological
materials. Surficial geology suggests that the unconsolidated aquifer extends laterally
to at least the boundary of the aeolian sands. Beyond this boundary the aquifer is
likely to be more complex, posibly hosted in clay sediments so that flow velocities
and vertical variations will have a dominant influence on flow paths. Tertiary clays
are found below the aeolian sands, so that there may be a close relationship between
these two materials. Proximal to the boundary of these materials, perched water tables
may be expected depending on the gradation of clays to sands. The north-east
boundary is a poorly drained area of marsh extedning towards the Swan river and

Moulting Bay Lagoon.

1.4.3 Depositional History

Previous research conducted by Davies (1959) suggests that two main sea levels were
significant during the formation of sand spits in eastern Tasmania. Due to the overall
decrease in height of the dune system seawards, it has been postulated that formation
of Dolphin Sands spit was initiated during a higher sea level, approximately 6000
years ago (Davies, 1961). Foreshore dunes are at present actively accumulating and
eroding. Probable disturbance of the frontal area along the central and eastern region
of the spit has produced large flat areas with loss of ridge form (Goldin, 1980).

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 9
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1.5 CLIMATE

The Tasmanian east coast experiences a dry temperate climate. This is a reflection of
a dominant westerly airstream, which results in a west to east rainfall gradient. East
coast rainfall is often unreliable, the driest periods being when the westerly winds are
a their strongest or are relatively absent (Tas Conservation Trust, 1977). Highest
rainfall along this area is in autumn and spring, under the influence of small cyclonic
depressions off the east coast (Tas Cons. Trug, 1977).

1.5.1 Precipitation/Evapotranspor ation

Datais collected for Dolphin Sands and published by the Bureau of Meteorology. No
evaporation data is collected for the same station so Swansea evaporation values are
used here. Average annual rainfall between 1884 to 1999 has been recorded at 601mm
(D’Emden, 2002). The year 2002 has experienced so far on record an average rainfall
of only 20mm. Below are average monthly evaporation and precipitation values for
the year 2002 (Figure 1.5 (b)).

250
200 \\
150 /N

oV o
ol O\ NS
VNSO

PPt/Ev mm/month

g

O T T T T T T T T T T T
Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

2001 Month 2002

Figure 1.5(b) Evaporation and precipitation values for Svansea for the period 2001 and 2002
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1.6 VEGETATION

Typical woodland and dune species prevail on Dolphin Sands spit: only small areas
are bare of vegetation. Figure 1.6 displays the variation of dominant species across
the spit. Typical species are coast wattle (Acacia sophorae), causurinas
(Allocasuarina spp.), spinifex and introduced marram grass (Ammophilia arenaria)

(D’Emden, 2002). In the late 1960’s a dune stabilisation scheme was initiated in the
central part of the spit. Boobyella seeds were aerially sown across the denuded areas
of the spit landscape. NSW coastal wattle (Boobyella) and introduced marram grass

are now adominant part of the landscape (refer to Plate 1).

Plate 1: Typical dune vegetation at central section of the Dolphin
Sands spit, showing dominant species such as marram grass and Boobyella

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 11
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Vegetation K ey for the Dolphin Sands
Spit

Sand Dune V egetation

Sand

Shrubby Coastal Heath

Regenerating Cleared

E. viminalig/E.globulus heath
shrubbv woodland

E.Globulus Grassy Woodland

Pasture and Cropland

Figure 1.6 Vegetation map of Dolphin Sands from Tasmania Parks & Wildlife (2002)
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1.7 PREVIOUS STUDIES

1.7.1 Hydrogeological Studies

Numerous studies have focused on the Dolphin Sands aquifer. The aquifer has long
been recognised as a potential water source for an area greater than Dolphin Sands.
The first study carried out by P. Stevenson for the Mines Department in 1968
determined a water table height varying from 0.6 to 4m. 30 boreholes were drilled at
800m intervals to depths of 4m. Water sampling recorded Tota Dissolved Solids
(TDS) values from 200mg/| at the centre of the spit and up to 2000 mg/| at the eastern

end.

Further studies carried out by the Tasmanian Mines Department before 1980 revealed
water table depth to 3 m with freshwater present to greater than 15m. A spear array
with 10 m bore spacing suggested yields of 20-30 I/minute. At this time a seismic
investigation was carried out, revealing at least two layers; a top layer up to 2 min
thickness with seismic velocities indicative of dry sand becoming progressively wetter
at depth. A second layer at least 12 meters in thickness with seismic velocities
indicating clay, wet sand or a mixture of both. Because of uncertainty in interpretation

anumber of geological conditions were proposed.

Bill Cromer, acting for the Department of Mines, investigated the use of the Dolphin
Sands aquifer as a supplement to the Swansea water supply in 1980. In this
investigation a system of spears were pumped for 21 days at 570 mg/l with about 17
ML extracted. Average TDS values of 570 mg/l were obtained and bacterial
contamination was detected with concentrations of coliform bacteria up to 25/100ml.
On the basis of past investigations water quality was concluded to be suitable for
domestic purposes provided bacterial concentrations are analysed. Currently there is
no data to support salty water intrusion, it has been assigned only a low to moderate
risk area and only if excessive extraction in the coastal area occurs. Estimated safe
yield has been defined at 720 ML based on aquifer recharge of 40 mm/year.

Residents of Dolphin Sands carry out ongoing investigations measuring conductivity,
pH and temperature as part of a community based Waterwatch program. Data is
recorded and compiled by the Glamorgan-Spring Bay council.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 13
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1.7.2 Coal Exploration

Previous work by Victor Petroleum and Resources during the period 1981 to 1982
identified coal targets in the Apsley Marshes — Nine Mile Beach area. This area has
been inferred as a graben structure of Jurassic to Tertiary age (Summons, 1982). This
investigation consisted of reappraisal of all data produced previously by a number of
private and public groups. This included geophysical and regional geologica
interpretations. A substantial body of dolerite is indicated around the Moulting
Lagoon area, intersecting the mid section of Dolphin Sands spit. Towards the eastern
margin, the Apsley Marshes — Nine Mile Beach Graben is inferred to trend north
south across the spit (refer to Appendix 1 for original interpretation map)

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 14
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CHAPTER 2: HYDROGEOLOGY

2.1 INTRODUCTION

The Dolphin Sands aquifer is dynamic; influenced by tidal variations, shifting dunes
and human development. In understanding coastal aquifers such as this, there are
many factors to be considered. This chapter ams to address aspects of hydrological

flow regimes and understand water flow characterigtics.

2.1.1 Hydraulic conductivity

Hydraulic conductivity (K) expresses the ability of soils/rock to transmit water
(Freeze & Cherry, 1979). K can be calculated using laboratory and field
measurements established from previous research. Most unconsolidated coastal sands
have k values between 5 to 10 nm/day (Cromer, 2001). K is used in most flow
equations and is essential for understanding flow characteristics.

2.1.2 Porosity
Porosity (n) of soil or rock material is the percentage of the total volume of the

material that is occupied by pores or interstices (Bouwer, 1978). Porosity is defined
in Equation 2.1:

N =100 (VJ/V) (Equation 2.1)
Where N isthe porosity (%), V. isthe volume of void space in aunit volume of earth materid, V isthe

unit volume of earth material, including both voids and solids.

Effective porosity (ne) is the ratio of the void space through which flow can occur to
the total volume (Fetter, 1965). Ne is the preferred porosity measure in most fluid
flow calculations, as it pertains to the interconnectedness of the void space which is
available for fluid flow rather than storage. The principle factors affecting porosity are
grain size and shape, degree of sorting, the extent of chemical cementation and the
amount of fracturing (Brassington, 1998). Porosity of unconsolidated coastal sands is
typically 30%. Porosity is classified as primary or secondary. Primary porosity refers
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to syn-formational interstitial pores and secondary relating to post-formational
fracture or solution porosity (Fetter, 1965).

2.1.3 Transmissivity

Transmissivity (T) represents the ability of the aquifer as a whole to transmit water
under a given hydraulic gradient (Charbeneau et al, 1992). Calculating transmissivity
in an unconfined aquifer is difficult due to the undulating nature of the free water
surface and fluctuating water table. T is defined in Equation 2.2.

T=Kb (Equation 2.2)
Where b isaquifer thickness, T ismeasured in L2T

2.1.4 Darcy Flux
Darcy’s law is the primary equation used to model many aspects of porous

groundwater flow. It is valid for groundwater flow in any direction in space but is
commonly applied parallel to the flow line (Schwartz & Domenico, 1990). To

calculate volumetric flow rate (Q) we use Darcy’s Law as shown in Equation 2.3.

Q =- KA (dhvdl) (Equation 2.3)
Where Q is the groundwater flow rate (LT ), A is the cross sectional area of the aquifer, and dh/dl is

the hydraulic gradient. The negative sign is for mathematical correctness and indicates the flow of

water isin the direction of decreasing head.

Hydraulic head (h) refers to the height at which water exists in a piezometer relative
to a datum point; mean sea level was used in this investigation. Head is directly
proportional to the hydraulic pressure of fluids intersected by the piezometer, as
shown in Equation 2.4. By measuring h, the groundwater flow direction and velocity
can be determined. Hydraulic head in an unconfined aquifer refersto the water table.

h=z+PIr.g (Equation 2.4)
Where z is elevation, P is pressure exerted by the water column, r,, is water density, and g is

acceleration due to gravity. P/, isthen equal to the water column length in the piezometer.
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Effectively, hydraulic head is the height of the water level in the piezometer (Figure
2.1) relative to a datum point. It is directly proportional to the hydraulic pressure of
the fluids intersected by the piezometer.

Darcy’s equation assumes that flow takes place over the whole cross sectional area,
without taking into account, the actual pore space through which water is being
transmitted. Actud velocity (v) shown in Equation 2.5 incorporates actual porosity.

v =Q/(nA) (Equation 2.5)
Wheren, isactud porosity

Land surface elevation

Depth to
Water table

Hydraulic Head

Datum point
........................................................ JMean.Sea Level

Figure 2.1 Hydraulic head

22HYDROLOGICAL ANALYSISMETHODS

2.2.1 Hydraulic data
Water table elevations were measured on three separate occasions, April, May and

August. Measurements were taken using a battery driven tape measure, which emits a
sound when in contact with water. Water table measurements were taken over a two
day period, due to travel time required to cover the area. Elevation was measured
using a Reliance differental global positioning system (DGPS), which calculates land
elevation, by comparing roving station elevation to a known base station elevation.
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Bore abstraction rates are generally not known, however, on discussion with residents,
abstraction rates at time of measurement was negligible, and has not been considered
in calculations. The location of water table measurements is shown in Figure 2.2.
Water table measurements are subject to short term tidal fluctuations. The amplitude
of fluctuations will be greatest at the coast and less inland (Brassington, 1998).
During water table measurements, a control bore hole was installed, to measure
diurnal tidal variations of the water table at high and low tide, the location of this bore
hole is shown in Figure 2.2.

To identify the groundwater seepage face, four detailed surveys were conducted along
the south coast of the Dolphin Sands spit (Refer to Figure 2.2). Shallow holes were
drilled using a 70 mm hand auger from low tide mark, inland approximately every 5
metres until the auger was unable to reach the saturated zone, at approximately 20
metres inland. At each point water conductivity was measured by partly submerging a
hand-held WTWLT 330 conductivity meter in the water.
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Figure 2.2 Location of field studies,

A\ Sl Seepage face measurement locations
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& Hydraulic head measurements

2.2.2 Determination of Hydraulic Conductivity

Hydraulic conductivity was calculated using falling head tests on the 2™ of May.
Tests were performed at three locations (sites H5, H7 and H12). Falling head tests
proved the most useful method of analysis, due to limited water levels in bore holes.
To carry out a falling head test, a volume of water is injected into the bore hole,
raising the standing water level. Water table measurements are made at regular
intervals following injection. To calculate hydraulic conductivity for an unconfined
aquifer, the Bouwer-Rice method was used. If the water level is above the screened

interval the hydraulic conductivity can be calculated from known well parameters
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using Equation 2.6. Refer to Figure 2.3 for a graphical interpretation of equation

parameters.

2
A GRIAE NN

Equation 2.6
1 (Eq )

Where r. =radiusof thewdl casing
Re = effective radius over which the slug is dissipated
rs= radius of the well screen
L = length of screen
t = time sinceinjection of the slug
h, = water level immediately after injection
h = water level at timet after injection (from Waterloo Hydrological Inc., 2002)

Water leve! immediately

after injection
y
B
——<-- Water level at time ¢

l y's d Head in aquifer

h, * / attimet
h(t) hr, t)
e :L.—. — ! o =
r _\lniﬁal head
in aquifer

L«— Well casing

iz

Figure 2.3 Bouwer-Rice method parameters

Falling head data was analysed in Aquifer Test', a computer modelling program,
using the Bouwer-Rice method. This method was used primarily because it meets
most of the following assumptions (from Waterloo Hydrologic, 2002) required for
this method:

! Aquifer Test 3.01 Waterloo Hydrological Inc. 2002
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1) Unconfined or leaky-confined aquifer (with vertical drainage from above) of
"apparently” infinite extent

2) Homogeneous, isotropic aquifer of uniform thickness

3) Water table horizontal prior to the test

4) Instantaneous change in head at start of test

5) Inertiaof water column and non-linear well losses are negligible

6) Fully or partially penetrating well

7) The well storageis not negligible, thusit is taken into account.

8) Theflow to thewell isinasteady state

9) Thereis no flow above the water table

2.3RESULTS
2.3.1 Groundwater Occurence

Hydraulic head measurements varied temporally during the study period, with a
decline in head levels between 10 and 45 cm during the May to August period. On a
gpatia scale, lowering of the water table was least at the western margin of the spit at
site H2 and H3 and in the centre of the spit. Groundwater level in coastal locations
lowers in order of 10 to 20 cm more than central areas. Table 2.1 shows the results

from each measurement period.

The hydrological system of Groundwater at Dolphin Sands is considered a laterally
continuous, single, shallow groundwater system based on consistency of field
hydraulic measurements. A deeper aquifer may exist within basement materials and is
likely to consist of more saline water in respect to the upper aquifer, but due to lack of
drill holes thiswas not assessed hydraulically.

The highest water levels are located at the centre of the spit and shallowest at the
coast. The mound like nature of the groundwater is typical of sand spit aquifers. The
top of this mound like structure is referred to as the groundwater divide and is defined
as a ridge in the water table from which the groundwater moves away in both
directions (Wilson & Moore, 1998).

Diurnal tidal variations were considered when acquiring hydraulic head
measurements. A shallow bore hole was installed gpproximately 25 metres from the
high tide mark on the 29" of April, with measurements during high tide and low tide.
The result was a drop in the water table of 15 cm. To determine the amplitude of the
tidal fluctuation at certain distances inland Equation 2.7 is used.
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Site Easting Northing Z (m) \Water table watertable watertable Head Head Head

2-Apr] 2-May 31-Aug 2-Apr] 2-May 31-Aug
H1 588536 5337191 4.62 1.28 3.14 3.34 1.48
H2 589399 5339807 2.04 0.87 2.04 2.07 1.94 1.84
H3 589741 5339126 2.06 2.3 2.06 2 1.96 1.86
H4 590533 5338786 4.75 21 2.26 2.49
H5 591653 5339334 5.2 3.17 3.1 3.55 2.03 21 1.65
H6 593214 5339559 5.55 341 3.38 2.14 2.17
H7 593288 5339289 21 1.07 1.05 1.25 1.03 1.05 0.85
H8 593854 5339376 2.2 1.26 2.2 0.94
H8 b 593849 5339374 2.21 1.26 2.21 0.95
H9 596795 5339503 6.353 4 3.8 4.5 2.353 2.553 1.853
H10 599110 5339382 5.53 3.05 3 3.45 2.48 2.53 2.08
H1l a 599018 5339005 2.2 0.92 0.73 1.28 1.47
H1lb 599016 5339087 1.8 0.93 0.74 0.87 1.06
Hllc 598920 5338997 2.18 1 1.01 1.18 1.17
H12 a 600630 5339091 7.5 5.2 5.3 5.45 2.3 2.2 2.05
H12 b 600619 5339151 5.3 2.9 2.95 3.05 2.4 2.35 2.25
H12c 600677 5339092 5.5 3.2 3.52 2.3 1.98
H12d 600416 5339056 4.7 3.06 3.03 1.64 1.67
H13 600439 5338747 4.11 3.16 3.13 0.95 0.98
H14 601365 5338523 2.17 0.9 0.87 1.2 1.27 1.3 0.97
H14 601350 5338526 2.31 0.99 0.96 1.1 1.32 1.35 1.21

Table 2.1 Hydraulic head measurements at Dolphin Sands during 2002. Water table refersto the depth of the water table below the surface, Z refersto land
elevation and hydraulic head = Z — water table
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H,=Hgexp(- XxypS/tyT)
(Equation 2.7)

where H, is the amplitude of the tidal fluctuation, Hy isthe amplitude of thetidal change, to isthetime
to go from one one extreme to the cther, x is distance from the coast, S is storativity (values from

Cromer, 1979) and T istransmissivity.

Equation 2.7, is typically for confined flow, but can be applied to unconfined flow as
an approximation if the range of tidal fluctuations is small compared to the aquifer
thickness (Fetter, 1965). To determine the influence of distance from the coast inland,
a number of “Xx"spacings were used. Results are shown in Figure
2.4.

1.6
)\
14

o)

0 2 4 6 8 10 12 14 16 18 20

Distance from high tidemark (m)

Figure 2.4 Variation in the amplitude of tidal fluctations at a distance from the high tide mark.

From these results, it was determind that tidal influences would not greatly influence
head measurements past 12 metres from the coast.

2.3.2 Nature of the Dolphin Sands Aquifer
The groundwater system at Dolphin Sands consists of a homogeneous unconfined

aquifer underlain by a low permeabilty clay unit, which dips to the south (Cromer,
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1979). Basement geology and the geology beneath the aguitard is unknown. Most
precipitation that reaches the unconfined agquifer moves laterally and discharges along
the coast. This was determined by conductivity variations along the south coast
margin, as shown in figure 2.5. This identifies the relationship between the salt and
fresh water, as fresh water is discharged along the coast, causing mixing between the
two fluids. In this system, the interface between the different density liquids is
classified as a no flow boundary, and delimits the horizontal and vertical extent of the
aquifer where they are in connection. The fresh-water tends to flow along and on top
of the salt wedge with little flow across the interface (at equilibrium) (Reilly, 2001)
and discharges along the coast. This saltwater interface acts to bind the freshwater
aquifer at surface and possibly at depth. The lateral and vertical extent of the aquifer
co-incides with physical features of the groundwater system and represent no flow
boundaries. To the west, the exact limit of the aguifer is unknown, it probably
extends as far as Tertiary clays, as shown in Chapter 1 (Figure 1.5). Water sampling
for chemical analysis of waters from thisarea, was designed to identify aquifer

extent, and is further discussed in Chapter 3.

E
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20

Distance from low tide mark (m)

Figure 2.5 Conductivity variations in sub-surface water from the low tide mark inland, showing the
interaction between salt and freshwater. Note values for the 15 metre section are not zero but close to

Zero.

2.3.3 Hydraulic Conductivity
The results from slug tests returned highly variable K values between 2.3 to 8.1

m/day. Figures 2.6 (a) to (c) display the results as semi-log plots of drop in head
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versus time as calculated using the Bouwer-Rice method in Aquifer Test for the three

Sites tested.

Time [=]
0 a5 192 2585 S04 450

T e

b

1E-1 1

Conductivity: 9.34E-5 m/s

Figure 2.6 (a). Results from hydraulic conductivity calcul ations as semi-log
plot of drop in head versustime for site H12 a

Time [=]
0 a5 196 294 392 440

b

Conductivity: 4. 26E-5 m/s

Figure 2.6 (b). Resultsfor hydraulic conductivity from Aquifer Test for site H5
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Figure 2.6 (c) Resultsfor hydraulic conductivity as calculated in Aquifer Test for
site H7

Confidence of the K values are shown by the line of best fit through the data. Site H12
(@) shows a poor fit, therefore confidence of these values is low. Sites H5 and H7
display good linear fit between data points. Variability of K values may arise due to
different borehole ingtalation methods, clogging of the screen, and piezometer

corrosion.

2.4 DISCUSSION
2.4.1 Groundwater Flow Direction

By plotting hydraulic head measurements across the spit, it was possible to interpolate
horizontal groundwater flow paths. The kriging method was used in Surfer 72 to
identify equipotential lines. Flow lines were then drawn manually directly
perpindicular to these equipotential lines (Figure 2.7). To assist in the modelling
process, the coast line was assigned asa zero hydraulic head boundary.

Figure 2.7 highlights a groundwater elevation high along the centre of the spit, with
flow at approximately right anglesto thisarea. The hydraulic high located along the

2 Surfer version 7.4 Surface Mapping System. Golden software Inc. (2001)

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 26




\ Chapter 2 Hydrogeology

Sector Sector Sector Sector Sector
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5340000

5339000 — 1.1 Head (M)
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Inferred groundwater divide

N Sector boundaries 0.2
n Head measurements 0.1

Figure 2.7 Horizontal groundwater flow map for Dolphin Sands (based on head measurements from May 2002).
Equipotential contour lines are shown in black, with horizontal flow perpendicular. The areas of low head within the spit are
artifacts of the interpolation method and should be disregarded.
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centre of the spit is probably a groundwater divide, so effectively groundwater water
flow is towards the south and north, discharging along the respective coasts. The
groundwater divide has been inferred between data points, however, it may be
possible for lows to occur between these points. Due to limited bore holes within the
centre and northern section of the spit, it is difficult to determine the exact nature of
the groundwater within these areas.

2.4.2 Determination of Hydraulic Parameters

This section refers to calculations of groundwater discharge and actual velocity.
Essentially, for these measurements, the spit is divided into sections, with the most
known data points, and average discharge calculated. The hydraulic gradient is
calculated using measured values and assuming a coastal zero head boundary. An
average K value of 4.5 m/day is used across the area, asthe material is presumed to be
relatively homogeneous, however local heterogeneities may occur. Table 2.2 displays
calculations for specific velocity and discharge.

May Aug

Site h/L v m/day |h h/L v m/day

H1 224 1.48 0.006607| 0.148661

H2 978 1.94] 0.001984| 0.044632 1.84] 0.001881| 0.042331

H4 211 2.49( 0.011801| 0.265521

H5 400 2.1y 0.00525| 0.118125 1.65 0.004125| 0.092813

H6 397 2.17[ 0.005466( 0.122985

H7 96 1.05 0.010938| 0.246094 0.85[ 0.008854( 0.199219

H8 125 0.94 0.00752 0.1692

H9 400 2.553 0.006383| 0.143606 2.2 0.0055| 0.12375

H10 446 2.5 0.005605( 0.126121 2.3] 0.005157 0.116031

H11 109 1.47] 0.013486| 0.30344

H12 405 2.2| 0.005432 0.122222 2.05( 0.005062( 0.113889

H13 124 0.98[ 0.007903| 0.177823

H14 164 1.3] 0.007927| 0.178354 1.19] 0.007256| 0.163262
Av 0.166676 0.141883
per year 60.83662 51.78711

Table 2.2 List of Darcy groundwater velocities for May and August sampling runs.

To determine discharge (Q), a cross sectional area of the spit is needed. An average
value of 7 meters (from Latinovic, 2001) was used as aquifer thickness. The spit area
was divided into sectors (refer to Figure 2.7), so that Q could be determined. Sectors
were chosen to represent areas with known head values. The respective head values
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for each sector were used to calculate Q for the sector. The sector area covers only the

southern part of the groundwater divide, as the data collected represents mostly this

area. The calculations are shown in Table 2.3 for each sector. Temporal variations for

discharge are shown in Figure 2.8.

This method of determining discharge assumes flow to be horizontal only (Dupuit-

Forchheimer theory). The total discharge of the groundwater through the thickness of

the aquifer (assuming a constant thickness) for May values is calculated to be 19 359

m°/day. This could of course be doubled for an approximate of total discharge across

the Dolphin Sands Aquifer. The August calculations return a much lower value of 16

312m’/day.

Sector

A m?

May

May

Aug

Aug

Q m?/day

v m/day

Q m*/day

v m/day

O D W N =

35000
28000
21000
17500
17500

4134.375
6890.625
3015.731
2207.119
3121.189

0.118125
0.246094
0.143606
0.126121
0.178354

3248.438
5578.125

2598.75
2030.549
2857.088

0.092813
0.199219

0.12375
0.116031
0.136262

Total

19369.04

16312.95

Table 2.3 Calculated actual velocity and discharge for each sector (refer to Figure 2.6 for sector

locations)
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Discharge m3/day
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1000 -
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Figure 2.8 Temporal variation for discharge between May and August. Refer to Figure

2.6 for sector locations
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Calculating discharge in this way for a coastal aquifer is unrealistic, because it
assumes a constant thickness, when in reality the aquifer pinches out at the discharge
point. A more accurate discharge value is calculated in section 2.4.

Transmissivity is calculated using an average aquifer thickness of 7 m based on
previous research (Latinovic, 2001). Transmisivity is then between 14 and 42 m/day.
These values are broadly defined, as aquifer thickness varies across the spit.

25 WATER BALANCE
Water balances are a means of evaluating inputs and outputs to aguifers. It is

important to determine recharge to the aquifer, so that provisions for water use can be
made.

2.5.1 Recharge

Water balance in the aquifer can be described in terms of the following equation:

Recharge = Discharge = Ds

Where Dsis the changein volume of groundwater storage over a specified time period

For a time period where change in storage is minimal, then recharge will be
approximately equal to discharge (Cromer, 1979) . In unconsolidated sand aquifers
such as Dolphin Sands, surface run off is negligible so the conventional recharge
water volume may be expressed as:

Recharge = P—ET + discharge
where P = tota precipitation over the catchment, and ET = evapotranspiration from the unsaturated
zone and the water table.

At Dolphin Sands discharge is confined to groundwater leakage along the coast a sea
level. Precipitation data is collected for Dolphin Sands, however there is no
evaporation data for the same station. Evaporation is difficult to determine adequately
due to the nature of geological material and vegetation distribution. Rainwater
infiltrates rapidly in unconsolidated sands, with little pooling at the surface. The wide
variation in vegetation type and distribution also makes evapo-transpiration difficult
to predict accurately. It is then more appropriate to calculate discharge along the

coastline and use this as an estimate for the value of recharge. In this model, it is
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assumed that the average rate of groundwater discharge equals the average rate of
recharge, over along period of time (Cromer, 1979).
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Figure 2.9 Groundwater flow pattern near a beach in an unconfined aquifer where b=40h (after
Cromer, 1979)

Figure 2.9 shows an unconfined aquifer thick enough to be hydrostatically
compensated by the fresh water below sea level. The model assumes the fresh-water-
salt-water boundary is satic, subsequently the Ghyben-Herzberg b = 40h holds
(Roberts, 1988). The Gyben-Herzberg relationship is described in detail in Chapter 3.
Equation 2.8 can be used to determine fresh-water discharge at the coast

Q=Kh2j (hx) (Equation 2.8)
Where Q is the discharge per unit length of shordline (m%day), K is the hydraulic conductivity, h isthe

height of the water table a distance x inland, h/x isthe hydraulic gradient, j isthe excess of the specific

gravity of seawater over that of fresh water (~ 0.025) refer to figure 2.9.

Equation 2.9 estimates the width of the gap which Q escapes, measured parallel to

groundwater flow lines.

Xo=Q/2j K (Equation 2.9)

The thickness of the Dolphin Sands aquifer is limited by a clay layer at depth. In this
case b < 40h, with the flow at the coastline being directly related to the aguifer
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thickness. In equation if X ischosen so that his 1, then b = 40. The Dolphin Sands
aquifer has been estimated on average at 7m thickness. So the ratio of the thicknessis
7/40. From field measurements the water table achieves a maximum height of about
2.8 m. Hydraulic conductivity has been calculated on average at 4.5m/day. If we
assume that discharge is shared evenly between both coasts and the distance (x) from
the centre of the spit to each coastline is approximately 750m at the widest point, the
hydraulic gradient isthen 0.0033. Q is then:

Q = 7/40 (4.5) 2(0.025) . (0.0033)m*/day
= 0.052 m*/day/m

Width of the gap through which discharge occursis calculated as:

Xo = 0.052/0.1125
=046m

The total length of the spit including both northern and southern coasts is
approximately 36 000m. So the total discharge at sea level along the coast of Dolphin
Sands is 1872 m*/day. These figures do not take into account the interaction of saline
water beneath the clayey layer and are a representation of the discharge of usable

water along the coastline.

Yearly recharge can be approximated by using the daily discharge calculation,
assuming recharge is equal to discharge. So that total discharge for a year period is
683 280m*/year. The discharge calculations here are incorporated into groundwater

modelling as explained in Chapter 7.

Recharge from septic systems and irrigation has not been quantified here due to lack
of information, however should be considered as a substantial contributor to recharge

values.
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2.5.2 Water use
To edtimate sustainable water usage rates it isimportant to look at seasonal variations,

as abstraction rates will vary due to recharge rates. During summer periods the
population is likely to increase substantially and therefore groundwater use will also
increase. Hydraulic head measurements recorded over the study period (April to
August) were during a period when population appeared to be dominantly residential.
During this period a drop in the water table between 10 and 45 cm was recorded. The
winter period is expected to increase groundwater levels, but due to low ranfall,
recharge has been minimised and water abstraction rates probably increased. To
project water table variations over a specified period, hydraulic data was modelled
using Flowtube, and is discussed in Chapter 7.

The upper limit of the fresh water aquifer is approximately 7 m thick and covers an
area of approximately 14 Km?. The total volume of the aquifer then is approximately
1.4 x 10° m®. With a storage co-efficient of 0.33 (Cromer, 1979), the volume of
recoverable water is approximately 4.6 x 10°. Recharge rates determined above are
approximately 683 280 m/year, so that sustainable water abstraction rates should not

exceed recharge.

2.6 CONCLUSIONS
The Dolphin Sands Aquifer is bound to the north, south and east by salt water and

extends to the west to the boundary between the Aeolian sands and Tertiary clay. The
water exists at shalow depths and with hydraulic conductivies between 2 and 8
m/day, it is an easly extractable water resource. Determination of hydraulic
conductivity enabled an estimation of discharge along the coast. Assuming discharge
is equal to recharge for a time period where change in storage is minimal, and
approximation of sustainable water usage rates can be derived. Recharge is estimated
at 683 280 m/year, therefore water abstraction rates should be kept below this limit.
Simple discharge calculations are not able to incorporate the variable aguifer

thickness, and are therefore over estimates rates of discharge.
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CHAPTER 3 HYDROCHEMISTRY

3.1 INTRODUCTION
Sand spit aquifers predominantly source water from direct infiltration. However, at

Dolphin Sands, additional sources may include seawater infiltration, infiltration from
the adjacent lagoon, and penetration of groundwater from the adjacent Swan River
basin. To determine regional and local flow paths a number of water samples were
collected from the Dolphin Sands aquifer and from surrounding river systems and
analysed for major ionic species, pH and conductivity. It is important to understand
the water sources of the aguifer to further evaluate recharge rates and regional
hydraulics (see Chapter 2). In this chapter water samples were used to identify local
flow systems by looking at chemical concentration gradients across the spit.
Furthermore, the nature of chemical changes in waters along flow paths provides an
insight into the nature of water-rock interactions in the Dolphin Sands Aquifer.

3.2SAMPLING METHODS
3.2.1 Sampling strateqy for chemical analysis

On the 15" of May 2002 water samples were collected from the Dolphin Sands
Aquifer and from major rivers in the Swan-Apsley catchment area. Sampling
locations were determined based on land accessibility and distribution across the spit
(refer to Figure 3.1 for detailed locations). Theoretically, during periods of an absence
of rainfall, the water in streams or rivers is derived from the permanent groundwater
system (Drever, 1982). Based on this assumption water samples were taken from river
systems in the Swan-Apsley catchment area, with a view to obtain average baseflow
chemistry in the Dolphin Sands hinterland. At the time of sampling there had been
little to no rainfall and each of the rivers were stagnant. Direct groundwater sampling
was not achievable due to difficulties in locating boreholes within the area. Water
samples were collected in 1 litre plastic bottles. In collecting river water samples, the
bottles were washed in river water and then fully submerged for filling. Water from
Dolphin Sands Aquifer was acquired mostly from tap and tank systems. The taps

sourced water directly form the aquifer and were left to run for up to 5 minute
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intervals to obtain representative water samples. At site 8, as shown in Figure 3.1,
direct sampling of the groundwater was achieved from a large well. Bottles were
rinsed using groundwater and then filled completely, to exclude chemical re-
equilibration with the atmosphere. All samples were placed into an Eski and returned
to MRT laboratory the following morning. All samples were analysed for major ionic
species, pH, TDS, EC, akalinity, and permanent/temporary hardness.

Rainwater data was acquired from studies undertaken in the Coal River Valley on the
south east coast of Tasmania by Department of Primary Industries, Water and the
Environment (DPIWE). It was assumed that rainwater from this area would have
similar characteristics to the east coast due to close proximity to salt water. Typical

seawater chemistry values were used from Drever (1982).

3.2.2 Groundwater Field M easurements

On the 20™ April, 15" May and 31% of August, pH, conductivity and temperature
were measured across Dolphin Sands spit. Locations for these analysis are displayed
in Chapter 2 Figure 2.1. The sampled water was emptied into a small plastic jug after
rinsing a number of times. Conductivity measurements were made in the field using a
hand-held WTWLT 330 conductivity meter. Conductivity is essentially a measure of
the waters ability to conduct electricity and is a good approximate of the total
dissolved solids in solution. The meter was calibrated at the University of Tasmania

before sampling and calibrated after 10 measurements in the field.

PH refers to the activity (effective concentration) of hydrogen ions in the water
(Spellman, 1998). Solutions range from very acidic (high concentrations of H* ions),
to very basic (high concentrations of OH" ions). Most natural waters are within a pH
range 6 to 8.5 (Bouwer, 1978).
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Figure 3.1 Major lon Sampling Locations for Dolphin Sands and Snvan-Apd ey Catchment.

3.3RESULTS

3.3.1 Major Anions

3.3.1(a) Bicarbonate
Bicarbonate is usually the most abundant negative ion in groundwater and occurs in

only minor concentration in seawater (Todd, 1959). Figure 3.2 highlights the high
bicarbonate concentration in the groundwater at Dolphin Sands. Vaues range
between 155 to 320 mg/L within groundwater samples and for river samples between
33t0 83 mg/L. It isclear from these results that bicarbonate is abundant within upper
catchment water, as well as groundwater from Dolphin Sands Aquifer. Base flow
concentrations tend to increase towards the southern end of the catchment area. Refer
to Table 3.1 for all laboratory results.

Aquifer samples suggest bicarbonate concentrations are highest closest to the south
coast of Dolphin Sands. The lowest concentration within the Dolphin Sands area is
located at the northwestern margin (site 5).
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, Easting Northing , Ca Mg SO4 NO3 CO3 HCO3 TDS T.Hard.P.Hard.Alkalinity Conductivity, pH
1] 589265 | 5349857 | 7.6 5 <0.1f 0.3 [115( 05 23<0.3 |<5 10 0 34 104 28 13 28 122 7.3
2| 587899 [ 5341936 [ 145 | 9.4 <0.1f 0.2 [185{ 0.9 44/<0.3 |<5 [<10 0 60 188 50 27, 50 218 7.1
3 587235 [ 5346968 [ 10 5.3 | <0.1] <0.2 | 15 | 0.7 34<0.3 |<5 [<10 0 33 132 27] 19.5 27 150 6.5
4] 587621 | 5336610 | 18 11.5 <0.1f <0.2 | 30 | 1.2 660 0.6/<5 [<10 0 77 225 63 29 63 304 6.8
5( 589397 [ 5339817 [ 13.5 16 0.2 0.4 59 | 8.6 105/<0.3 8.2<10 0 83 328 68 33 68 445 7.6
6] 589534 [ 5338187 [ 93 11 <0.1] 0.2 9 | 7.7 155/<0.3 1.5 10 Of 300f 605 185 32 250 894 7.6
7| 591653 [ 5339334 [ 88 8.1 <0.1] 0.2 53 | 2.1 105[<0.3 18/<10 of 230[ 477 185 67, 185 662 7.6
8 593854 [ 5339376 [ 88 8.1 <0.1] <0.2 { 50 | 2.1 93<0.3 7.1<10 Of 270 439 220 31 220 658 7.3
9 598260 [ 5339132 [ 73 7.6 <0.1] 0.3 27 1 19 52/<0.3 5.1<10 of 220f 324 250 32 185 457 8
10] 598706 | 5339918 | 63 7.2 <0.1 0.3 34 | 25 73<0.3 1110 Of 180 345 150 39 150 472] 8.1
11) 600439 | 5338749 | 84 | 145 | <0.1f <0.2 | 67 4 135<0.3 16/<10 of 3200 581 260 10.5 260 843 7.5
12| 600805 | 5339434 | 52 7.9 <0.1] <0.2 | 43 [ 2.2 80/<0.3 1410 Of 155 325 125 37 125 460, 7.8
13] 600809 | 5338920 | 79 8.1 <0.1] 0.2 31 | 29 52/<0.3 12}<10 Of 260 364 210 19.5 210 528 7.6
14] 600619 | 5339151 | 81 94 | <0.1] <0.2 | 63 | 4.5 110[<0.3 14.5<10 Of 220f 4500 180 59 180 673 7.4
15| 601489 | 5338454 | 125 22 <0.1f 0.2 [ 150 [ 5.8 320<0.3 2510 Of 270 1050 220 180 220 1350, 7.5
Lagoon 590703 5340260, 230 | 670 0.2 0.2/ 5300 | 210 |10000| 0.6 |1400|<10 0 88 |19500| 72 3200 72 25800 8
Sea Water 411] 1290 10760[ 399 1.3] 2710
Rainfall 8.4 0.3<0.1 0.2 2.6 1.310.0<0.3 [£5.0 10 0<5.0 21 <5.0 14 5
Table 3.1 Results from MRT laboratory analysis (from 15" May, 2002)
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Figure 3.2 Total major ion concentrations for each sampling location

3.3.1(b) Chloride

Chloride displays variable concentrations. At site 15 and 5 it is the dominant species

(Figure 3.2). Chloride concentrations range between 52 to 320 mg/L for groundwater
samples, and 23 to 105 mg/L for upper catchment water samples. The large range of
chloride concentrations across the spit does not display any distinct concentration
gradient across the sand spit.

3.3.1 (c) Sulphate
Sulphate concentrations are low in base flow samples (<5 mg/L) and are varied across

the sand spit with no obvious linear gradient features. Figure 3.2 displays the
contribution of sulphate relative to other maor ions. It is, with magnesium and
potassium, the least dominant species in the groundwater samples. Concentrations
range between 1.5 and 25 mg/L, with the highest at the eastern margin of the spit.

3.3.2Major Cations
3.3.2(a) Calcium and Magnesium

Calcium is naturally the most abundant cationic constituent of natural waters (Faust &
Aly, 1981). Concentrations of magnesium are reasonably consistent throughout the
Swan-Apsley and Dolphin Sands areas, ranging between 5 and 14.5 mg/L, with the
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exception of an anomaloudly high concentration (22 mg/L) at the eastern margin of
the sand spit. Magnesium (Mg) is marginally lower within the centre of Dolphin
Sands spit.

3.3.2 (b)Sodium

Sodium displays similar concentration characteristics to chloride. However, sodium

displays relatively lower values, between 27 and 150 mg/L for groundwater samples
and less than 30 for base flow samples. Figure 3.4 shows the contribution of sodium
to the groundwater samples as a percentage, displaying similar trends to calcium. Na
is highest at site 6, 11 and 15, which are all located along the southern coastline of the
spit. Na is the fourth most dominant species as shown in Figure 3.3. Base flow
samples display increasing concentration towards the lower end of the catchment,
towards site 4.

Total lon Concentration for groundwater samples at Dolphin

Sands

——Ca
. 350 x | Mg
S 300
S 250 /X\ / \ ). /x Na
.E 200 X \ / \ / \K/ Cl
g 5o X \/ —%—HCO3
5 loo ) e N —e— S04
§ 50 1= e — ——K
O

Site number

Figure 3.3 Major lons for groundwater samples at Dolphin Sands, showing contribution of each ion
to the total. Note the dominance of bicarbonate species in relation to other species, and the peak of
chlorine at site 15 over bicarbonate.
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Total lon Concentration for groundwater samples at Dolphin
Sands
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Figure 3.4 Total ion concentration, comparing the percentage each major ion contributesto the total

3.3.2 (c¢) Iron and Potassium

Iron is present in quantifiable amounts only in sample 5. The recommended maximum
iron concentration for drinking waters is below 0.3 mg/L, which is observed in all
samples (Bouwer, 1978).

Potassium (K) is present in low concentrations in all base flow samples from 0.5 to
1.2 mg/L. K is one of the least dominant ions in solution in both groundwater and
base flow samples, with groundwater K concentrations ranging 1.9 to 8.6 mg/L (site
5).

3.3.4 Total Dissolved Solids
Total dissolved solids (TDS) is a measure of all dissolved inorganic salts and very

small amounts of organic matter (Freeze and Cherry, 1979). TDS values are distinctly
lower in base flow samples and between 300 to 600 mg/L, (refer to Table 3.1) with
the exception of site 15, for groundwater samples. Site 15 returned anonymously high
concentration of TDS, with 1050 mg/L. The groundwater is classified as freshwater
based on the range of TDS values (Table 3.2), with site 15 falling into the brackish
water range.
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Simple Groundwater Classification Based on Total Dissolved Solids

Category TDS mg/L

Fresh water 0-1000

Brackish water 1000 — 10,000
Saline Water 10,000 — 100,000
Brine Water more than 100,000

Table 3.2 Groundwater classification based on total dissolved solids (TDS) (From Freeze and Cherry,
1979)

3.3.5 Hardness

Hardness consists of two types; permanent and temporary. Temporary hardness

results from the combination of a portion of the calcium and magnesium in water with
the bicarbonate. Permanent hardness is caused by the amounts of calcium and
magnesium that would normally combine with the sulphate, chloride, and nitrate ions
that are present (Roberts, 1988). Figure 3.5 highlights temporary hardness as the
dominant form, in both base flow and groundwater samples. However, it is within
groundwater samples that temporary hardness becomes greatly increased with respect
to permanent hardness. Sites 10 and 12 show decreased values in comparison with
other groundwater samples. These sites are both located on the northern coast of the
Spit.

Permanent and temporary hardness for all water
samples

300

2(5)8 /\Vi\ ’ —o— Temporary
¢

r_.' Hardness
150
/ Permananet

100 Hardness
50 -

0

A 4

Hardness mh/L

0123456 7 8 9101112131415
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Figure 3.5 Temporary and permanent hardness concentrations for all water samples (refer to Figure
3.1 for stelocations)

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 41




Chapter 3 Hydrochemistry

3.4 DISCUSSION

3.4.1 Causesfor chemical variation

3.4.1(a) Bicarbonate
The high concentration of bicarbonate (HCO3) present in groundwater samples is

possibly due to the dissolution of calcium carbonate shell fragments and carbonate
material. Shell fragments are visually abundant along the spit. Calcium carbonate is
also the cementing agent found in the sands. A clear linear relationship is described
between these species in Figure 3.6, supporting a calcium carbonate origin. The
abundance of HCOs', in respect to calcium, may be due to the oxidation of reduced
organic material by microorganisms.. Organic layers have been identified at shallow
depths to approximately 10 metres at Dolphin Sands (Smith, 2002 pers.comm.). The
oxidation of dead organic material to CO, generates carbonic acid and H* via
dissociation (Andrews et al., 1996). Organic matter is represented by the generalised
formula for carbohydrate; CH»O, and the following reactions represent the formation
of HCOs'.

CH->0O ot 02(3) L COz(g) + H20(|) (Equation 3.1)
COz(g) + H20(|) —>H2C03(aq) (Equation 3.2)
HoCO3py +— H+(aq) + HCOs(g  (Equation 3.3)

These reactions also generate organic acids, which subsequently may contribute to the

dissolution of carbonate materials.

y =2.5067x + 32.135
R’ =0.8842
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Figure 3.6 Relationship between bicarbonate and calcium for groundwater samples
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The dominance of HCOs™ in the river samples will also be influenced by these
reactions, due to the abundance of organic material within the river base. Inrelation to
aquifer waters, the concentrations in river samples is much less, which may be related
to an absence of shell material.

HCOs; concentrations are most likely related to interaction with geological material.
Dolerite is the dominant material in the catchments area and HCO'; is probably
derived from dissolution of silicate minerals in dolerite or its weathered derivatives
(Dell, 2000). To identify the nature of this relationship calcium was plotted against
magnesium. Figure 3.7 displays a strong correlation between calcium and magnesium
supporting a dolerite source for the precipitation of these minerals. The rainfal data
shows little or no bicarbonate enrichment, therefore bicarbonate enrichment of waters

is likely due to water rock interactions.

y = 1.4344x + 1.3366
R®=0.9677
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Figure 3.7 Relati onship between cal cium and magnesium for base flow water samples.

3.4.1 (b) Calcium
It is expected that Ca enrichment of groundwater be related to dissolution of CaCOs

material. The linear relationship identified in Figure 3.6 supports a calcium carbonate
source for groundwater samples. Water samples from the catchment area are more
likely enriched in Ca dueto interaction with dolerite, as mentioned above.

3.4.1 (c) Sodium and chloride

Concentrations of sodium and chloride are most likely sourced from sea salts and

partial dissolution of minerals in the sediments themselves. Ca and Na display a
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positive linear correlation as shown in figure 3.8 supporting an ocean source. Cation
exchange of calcium and magnesium with sodium may increase the concentrations of
sodium (Schwartz & Domenico, 1990). The Tertiary clay basement deposited in a
marine setting may be the large reservoir of exchangeable Na’ required for
preferential exchange of Mg®* and Ca®* with Na". The Tertiary clay base is identified
at ashallow level at the north dipping towards the south at the western edge of the spit
(refer to Chapter 1). This has not been identified towards the eastern margin.
However, relatively low concentrations of calcium are observed at sites 10 and 12,
which may be a result of preferential exchange between calcium and sodium within
the clay material. Consequently, it would be expected that sodium increases with the
decrease in calcium, however this is not clearly observed within the data set.
Therefore it is difficult to define the validity of clay as a source for sodium. A further
study would be to resolve the interaction between the upper aquifer and potentially a
deeper clay layer.

The high Na" and CI" concentrations are most likely dominated by the effects of sea
salts, which are subsequently mobilised in the aguifer system. Chloride has the second
highest concentration in catchment water chemistry. Chloride is the most conservative
ion with the lowest reactivity in water/rock interactions, and therefore is a most
reliable indicator of original influences from recharge and subsequent diffusion and
mixing (Radke et al., 2000). To explain the abundance of CI in this system a marine

source is proposed.

y = 0.4988x + 1.4259
R?=0.9626
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Figure 3.8 Relationship between sodium and chloride for all water samples
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Saline aerosols derived directly from seawater deposited by south-easterlies and
easterlies may account for the dominance of chloride. Rainwater samples from Little
Swanport (approximately 25km south of Swansea) have 57.6mg/L salt in rainfall
(Dell, 2000). Therefore, it is likely that a marine source is responsible for the high
chloride concentrations.

3.4.1 (d) Sulphate
Sulphate typically results from the chemical weathering of geologic formations or

from biologically mediated oxidations of reduced sulphur species (Faust and Ally,
1981). If produced by water rock interactions, the relative concentration of
magnesium is expected to be much greater than sulphate (Stumm, 1992). For all
water samplesit is indicated that sulphate occurs due to water rock interactions.

3.4.2 Water Classification

Water types have been classified using a Piper diagram shown in Figure 3.9. Piper
plots are trilinear diagrams, illustrating the relative concentrations of cations and
anions in each sample (Rockware, 2002) in milliequivalents per litre. This method has
been used as it provides a clear visual impression of the essential differences or

similarities between major ions.

Two distinct types of water are apparent, with the exception of rainfall. All waters
form a single population in terms of their anions, but the distinction is apparent
between Dolphin Sands Aquifer waters and hinterland base flow. Aquifer water is
classified as bicarbonate-calcium type based on the domain that samplesfall in on the
diagram segments (refer to Appendix 2 for a detailed description of domain types).
Whilst they all plot in the same “water type” domain, there is some degree of spread
forming coherent populations. The spread of groundwater points may indicate
preferential flow paths, with the fluid becoming more enriched in certain elements
along flow lines. However, there is no clear indication that evolution is from west to
east along flow paths. The order of location points appears random, with no clear west
to east gradient, or increase towards the south coast. Waters from the Swan-Apsley

catchment area are similar to one another and fall into the chloride domain.
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Figure 3.9 Piper Plot of waters from the Dolphin Sands
Aquifer, the Snvan-Apsley catchment, Moulting Lagoon
and southeastern Tasmanian rainwater (source: Grose,
2002)
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There is little data for Tasmanian rainfall chemical composition. Rainwater samples
from a study currently being undertaken in the Coa River Valey have been used
because of its easterly location. Rainwater is classified as calcium-chloride type.
Rainwater is closely associated with groundwater relative to calcium and may explain
the source for the high concentration of calcium in groundwater. With respect to
chloride, groundwater appears less enriched than rainwater, however this may be an
interpretation flaw of using relative concentrations, as groundwater is dominated by

bicarbonate level.

An interesting point in the piper diagrams is noted at the western end of the spit (site
5). Water acquired from awater hole at the Northwest end of Dolphin Sands displays
an anomalous chemical signature. Groundwater from site 5 falls within the sodium-
chloride domain on the piper diagram. The variation of this groundwater sample in
respect to Dolphin Sands groundwater samples supports the extent of the Dolphin
Sands boundaries suggested in Chapter 2. This sampling location lies at the northwest
edge of the Dolphin Sands aquifer leaky boundary. If these aquifers were
hydraulically connected it would be expected to share common chemical signatures or
enrichment trends. Site 5 more closely displays base flow chemical signatures. It does
not clearly display transitional chemical ratios between base flow and groundwater
samples, which would be expected to establish hydraulic connection between

catchment and groundwater waters.
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3.4.3 Comparative Spatial I nterpretation of Groundwater

Groundwater enrichment trends were not identified in the previous chemical analysis
determined using ratios of major ions. In this section, absolute concentrations of each
ionic species have been grided for spatial comparisons. Grids have been produced in
ArcView using inverse distance weighting (IDW). Figures 3.10 (a) to 3.10 (I) display
concentration gradients for a number of quantifiable water characteristics. A number
of limitations occur due to poor data distribution. Most data points are situated near
discharge areas, so there is a lack of information regarding water chemistry from
recharge areas. On a scale such as that a Dolphin Sands (at least 14 km?), it is
difficult to accurately identify enrichment trends, however general trends are
identified within this section.

There is a general trend of increasing ion concentration towards the south coast of the
spit. HCO3 and Ca display greater concentration towards the coast. This may be due
to fresher deposits of shell material. As mentioned in Chapter 1, sand spits evolve
from the coast and widen towards the ocean, thus the youngest material is on the
ocean side. This may act as a fresh reservoir of carbonate material for dissolution in
groundwater. Alkalinity increases in line with HCO3; towards the south coast of the
spit, associated with HCO's. It is difficult to define recharge areas based on these
relationships as local conditions and the dynamic nature of the sand spit heavily
influence water chemistry. The dynamic relationship may also act to mask chemistry
gradients along flow paths. Limited information on deeper structures restricts
identification of lithological changes in the sub-surface, which may also affect

groundwater chemistry.

Sulphate displays the inverse of bicarbonate, with decreasing concentration towards
the coadt, predominantly within the western edge of the spit (refer to Figure 3.9 (k)).
Decrease in sulphate concentration may be a result of sulphate reduction along flow
lines. Sulphate reduction is typicaly attributed to anaerobic bacteria. Sulphate
gradients identified in Figure 3.10 (k), support flow towards the coast, at least within
the eastern section of the spit. No data points within the centre of the spit severely
inhibit development of this and other trends. Sulphate reduction is not well supported
a the eastern end of the spit, with little or no appreciable change in sulphate

concentration.
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Figure 3.10 ( b). Magnesium concentration across Dol phin Sands spit.
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Figure 3.10 (c). Sodium concentration across Dolphin Sands.
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Figure 3.10 (d). Chloride concentration across Dolphin Sands spit
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Figure 3.10 (€). Potassium concentration across Dol phin Sands spit.

N
_I_
_l_
_I_

T T
590000 $95000

Figure 3.10 ( f). Alkalinity concentration across Dol phin Sands spit
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Figure 3.10 (h) Conductivity across Dolphin

Sands spit
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Figure 3.10 ( i). Bicarbonate concentration across Dolphin Sands spit.

| sggon

Permanent
Hardness mg/L

11-29
20 - 48
48 - 67
[ 67 - 86
s N 86 - 105
I 105 - 123

I 123 - 142

I 142 - 161
161 - 180

N I No Data

+ + + - 5220000

T T T
590000 595000 SO0000

Figure 3.10 ( j). Permanent hardness concentration across Dol phin Sands spit.
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Figure 3.10 ( I). Aluminium concentration across Dolphin Sands spit
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The coastal central-mid section of the spit displays anomalous trends for a number of
different species. Sodium, chloride, potassium, and TDS, all display relatively low
concentration north south across the spit (refer to Figures 3.10 (c), (d), (¢) and (g)).
Inversely, aluminium increases within this section. Aluminium is one of the most
abundant elements in the earths crust, but it is also one of the least mobile. Therefore
aluminium is probably not a good indicator of flow direction. It may however,
indicate variation within sub-surface materials. Corresponding lows for other species
within this area, may indicate the presence of inhomogeneities within the sub-surface
not identified elseawhere along the spit. It is difficult to predict the nature of this
material based on water chemistry results alone. However, it is possible clay may be
influencing groundwater chemistry, as aluminium is well associated with clay

minerals.

Naand Cl display similar trends, with increasing concentration towards the ocean side
of the spit. This is probably related to proximity to the ocean and therefore receiving
greater quantity of enriched cyclic salts. The apparent eastward trend is due to

anomalously high concentrations at site 15.

The spatial analysis selectively identifies site 5 as a distinctive feature. A number of
major ions increase towards the south and towards the Swan river from this point.
This may indicate recharge from this area, or support the previous theory that this

location is not well associated with aguifer waters.

3.4.4 Water Quality

Water quality can be expressed by using TDS. Under ANZECC water quality
guidelines, water from Dolphin Sands Aquifer can be regarded as acceptable for
drinking. The Dolphin Sand groundwater has values between 324, to 1050 (refer to

Figure 3.11). All but one location is under the limit for acceptable domestic use (refer
to Figure 3.1 site 15).
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Figure 3.11. TDSconcentrations for each of Dolphin Sands water samples.

Chloride concentrations are well above the recommended limit given by ANZECC

and NHMRC guidelines (Table 3.3). Sodium concentrations apart from one are below

recommended limits (less than 150). Site 15 is commonly associated with higher

concentrations, also exceeding hardness limits. Nitrate, commonly associated with

septic contamination and agricultural practices, is a serious concern when considering

groundwater chemistry. All water samples fall well below levels outlined in both

guidelines (refer to Appendix 3 for detailed water analyses).
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Figure 3.12 Location of waterwatch sites, where conductivity is monitored monthly by resdents of
Dolphin Sands

3.4.5 Fidd M easurements
3.4.5(a) Tempora Trends
As part of a local waterwatch program, residents measured electrical conductivity

(EC) over the study period. Locations are described in Figure 3.12. Data for these
locations is shown in figure 3.13. All EC measurements are below the desired EC
2200 — 2600 uS/cm for agricultural and domestic waters based on ANZECC (1996)
water quality guidelines (refer to Table 3.2). Evaporation and precipitation data
(Figure 3.14) for the same period displays similar trends, with a peak in evaporation
in line with EC high for the same period.
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Figure 3.13 Electrical Conductivity measurement s taken by Waterwatch members at Dolphin Sands
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Figure 3.14 Evaporation data recorded at Svansea for the period 2001 and 2002

Increase in rainfall may decrease salinity concentrations by dilution or increasing
groundwater discharge of salt from the spit. Increased evaporation correlates well
with EC measurements. This may be due to loss of recharge and hence no “flushing”

mechanism is able to aid in discharge and dilution of salts.
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3.4.5(b) Conductivity Depth Variations
A digtinct relationship between depth to water table and conductivity can be seen in

Figure 3.15. Even in shallow investigation conductivity increases with a decrease in
hydraulic head. Therefore a sharp gradient may exigts in vertical water chemistry
within the Dolphin Sands aguifer.

Hydraulic Head Vs conductivity
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Figure 3.15 Relationship between hydraulic head and conductivity based on field measurements

3.5 CONCLUSIONS
Water chemistry provides a strong indication towards water-rock interactions along

flow paths. From the data presented in this chapter, regional flow paths were not
strongly supported, as water chemistry varied substantially between upper catchment
and the Dolphin Sands Aquifer. Further studies would require a more detailed
sampling strategy of groundwater close to the western margin of the spit. Also vertical
concentration analysis would provide a better understanding of sub-surface
relationships between. This investigation acquired water from very shallow depths, so
it is difficult to predict the nature of deeper aquifers and their relationship to upper

groundwater flow.

The argument for an upper catchment water source is not well supported by this
investigation. It would appear that if any recharge were to occur from the upper
catchment, the influence of mixing between the two aquifers would be to a minimal

extent.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 60




Chapter 3 Hydrochemistry

Groundwater quality varies substantially across the spit with most samples displaying
relatively fresh water characteristics. Site 15 has been identified in this study as
reaching acceptable limits for a number of quantifiable water characteristics. It is

difficult to accurately predict what is influencing these high concentrations without
understanding sub-surface geology.
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CHAPTER 4: GEOPHYSICAL
EVALUATION OF GROUNDWATER

4.1 INTRODUCTION
Geophysical investigation is an unobtrusive cost-effective method used to investigate

sub-surface variations. Geophysical methods were employed to map conductivity
variations surrounding a septic trench. Electrical methods were deemed the most
effective tool in delineating septic effluent at shallow depth. The use of electrical
methods to investigate groundwater contamination relies on there being contrasts in
the resistivity of normal and contaminated groundwater. Contaminated groundwater is
expected to be more conductive than surrounding “fresh” groundwater. This is due to
the presence of ionic constituents within the pore water. This chapter explains the
methods used and displays results from two sites at Dolphin Sands.

4.2 DIRECT CURRENT RESISTIVITY

The direct current (DC) resistivity method was used to conduct profiles across each
septic trench. The dipole-dipole configuration (Figure 4.1) was deemed the most
effective method to determine conductivity variations. By way of electrodes set up in
this configuration, an artificial current is introduced to the earth, which measures the
potential at other electrodes in the vicinity of the current flow. At the same time, the
input current is measured, so that apparent resistivity of the sub-surface can be
determined.

Figure 4.1 Dipole-Dipole array defining the geometric factor (K), where c depicts
the current eectrodes (introducing the artificial current) and p depicts the potential

el ectrodes which measure the potential difference between each electrode.
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Apparent resistivity is used as measured values are not necessarily representations of
the true resistivity of any component of a system or an average of true resistivities
(Ward, 1990). Apparent resistivity from field measurements assumes that the earth is
homogeneous with a single resistivity and ignores heterogeneity. However, apparent
resistivity does vary systematically across geologic sections and can be diagnostic of
both layering and the presence of conductive or resistive inhomogeneities. Apparent
resistivity has the units ohm- metres and is the inverse of apparent conductivity which
is measured in siemens/metre. Apparent resistivity is measured using Equation 4.1.
ra= K(Vp/l) (Equation 4.1)

where V, isthe voltage, K isthe geometric factor (depending on the el ectrode geometry) and | isthe
current (mA).

The geometric factor for the dipole-dipole arrays used in this study is calculated using
Equation 4.2 (refer to Figure 4.1 for description of equation parameters).

K =pn(n+tl)(n+2)a (Equation4.2)
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43 FIELD METHODS

Resigtivity profiling was conducted at two locations, which are shown in Figure 4.2.

Sites were determined based on land availability and space to conduct surveys. A
Scintrex IPC9 time-domain Induced Polarisation (IP) transmitter with an on-off time
of 2 seconds and a Scintrex IPR12 receiver were used to conduct traverses. The
electrode spacing (2m) was selected to provide a depth penetration of approximately 4
metres. Each section was sited to cross the septic trench and to continue up to 20
metres beyond, where not obstructed by man-made structures. Ensuing adequate
contact for the current electrodes proved difficult due to the high resistivity of surface
materials. Current input was generally low and varied from values between 5 to 40
mA. Refer to Figure 4.3 for detailled sketchs of electrical survey lines and local site
characteristics. Whilst topographic variations are small across the spit (in order of a
few metres), they are often abrupt and for small electrode spacings topography may
affect values obtained in field measurements. A DGPS was employed at site 2 to

determine topographical variations.
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Figure 4.2 Location of geophyisical surveys (Al and A2) at
Dolphin Sands. Co-ordinates are AMG zone 55. Scalein km
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4.4 DATA MANIPULATION

Measured data is commonly plotted as a pseudo section as shown in Figure 4.4. The

pseudo section is not atrue respresentation of the distribution of resistivity in the sub-
surface. Interpretation consisists of iteratively computing the response of a 2D model,
until a theoretical pseudo section is found which reasonably matches the observed.
Measured data was manually entered into a text file for each “n” spacing to be used
for interpretation in RES2DINV?.

e

Figure 4.4 Method of plotting data in a pseudo section.

4.4.1 Resistivity | nversions

The data collected from resistivity surveys was entered into RES2DINV, a computer
modelling program which automatically determines two dimensional resistivity
models from observed data. Inversions created for this data set are based on a
smoothness-constrained least squares method. The 2D model used by this program
divides the sub-surface into a number of rectangular blocks. Resistivities are then
determined based on these rectangular blocks to produce a pseudo section which
agrees with actual measurements (Loke, 1998). The Root-Mean-Squared (RMS) error
is a measure of the difference between the calculated and measured apparent
resistivity values and is measured as a percentage. The models used in this study have
RMS errors below 20%. Models with the lowest possible RMS can sometimes show
large and unrealistic variations in the model resistivity values (Loke 1998) and may

not always be the best fit from a geological perspective. Models were chosen based on

2 RES2DINV vers. 3.3. Geoelectrical Imaging 1998
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the iteration in which the RMS error did not change significantly. Topography is
incorporated in inversions for realistic modelling.

Measured values have been graphed in Surfer to identify lateral variations and
highlight zones of anomalous conductivity. Essentially these figures are slices through
the earth at increasing depth. The data has been manipulated so that any value above
10 mS/m is assigned a value of 10 mS/m, so that variations within the conductive
zones are more easily recognised. Sections are made of each “n” spacing, so that nl is
closest to the the surface and n8 is the deepest layer investigated, as ahown in Figure
4.3.

45RESULTS
Direct current (DC) resistivity proved a sensitive method for determining shallow

variations in conductivity. Figures 4.5 (a) to 4.5 (g) display inverted conductivity
sections from both locations. Conductivity sections have been displayed rather than
resistivity for ease of interpretation and discussion. For complete sections refer to

Appendix 4, which presents measured, calculated and modelled data.

All sections define three distinct layers. An upper layer of low conductivity, a second
layer with gradually increasing conductivity, and a third base layer of moderate to
high conductivity. The upper layer typically displayed in red to brown marks a very
resisitive zone with conductivity between approximately 0.03 to 1 mS/m. This zone is
laterally extensive in each section. The thickness of the upper layer varies within each
section, greatest inland and pinches out towards the coast, excluding survey line 4.

Layer 2, as shown in Figures 4.5 (a) to (g), displays a range of conductivity values
between 0.6 to 3.8 mS/m. The nature of layer 2 varies in each modelled section.
Figure 4.7 d clearly identifies layer 2 extending along the entire survey line, with

values between 0.6 and 4 mS/m.

Conductivity values within the the lower layer shown in blue to pink, (refer to Figures
4.5 (a) to (g)), display the largest range of conductivity values between 4 to 33 mS/m.
In al sections, with the exception of line 4, this layer displays an undulating upper

surface and does not extend laterally along section.
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Figure 4.5 a) Ste 1 line 1 inverted conductivity in mS'm. Dashed black linesindicate
approximate boundaries between different layers. Note the mound feature within layer 3 under
the septic trench. Location of the septic trench isindicated by the white line, within layer 1.
NOTE: Conductivity scale bar varies between figures
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Figure 4.5( b) Ste 1 line 2 inverted conductivity in mS'm. This section displays an anomalous
conductive high within the groundwater layer. Mounding of the saturated layer is outlined by
dashed black lines.
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Figure 4.5 (c) Ste 1 line 3 inverted conductivity mS/m
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Figure 4.5( d) Ste 1 line 4 inverted conductivity mS'm. Notice Layer 3 flattening out
away from septic trench and the relative decrease in conductivity values within
Layer 3
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Figure 4.5( €) Ste 2 line 1 inverted apparent conductivity mS'm. Horizontal and vertical scalein
metres. Inferred ground water mound outlined in dashed black lines. There is no deliberate
effluent discharge at this point.
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Figure 45T) Ste 2line 2 inverted apparent conductivity mS'm. The discharge point of septic
effluent is displayed by the black circle. The inferred groundwater layer displays high values of
conductivity relative to the other sections. The approximate location of the discharge point is
denicted bv the salid black circle
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Figure 4.5 g) Ste 2 line 3 inverted apparent conductivity mS'm
Mound feature becoming less pronounced as the survey moves away from the discharge
point
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Figure 4.6 (a) to 4.6 (h) display the measured apparent conductivity in plan view for
site A1. Each image shows the measured apparent conductivity for a specified dipole-
dipole n spacing with n = 1 corresponding to the shallowest depth and n = 8 the
deepest. The modelled and observed values of site A1 correlate well and zones of
anomalous conductivity are observed in both. Conductivity highs are located around

thetrench in all figures and also towards the south eastern margin of the survey area.

4.6 DISCUSSION

4.6.1 SiteAl

The upper layer displays a decrease in conductivity towards the southern end, shown
in Figure 4.5 (b), (¢) and (d). This may be due to increased water saturation of surface

materials and the vegetation close to the garden area.

The water table was measured at 3.55 metres below the land surface at the time of
geophysical investigation (refer to Chapter 2). This depth correlates well with the
modelled conductive layer as shown in Figure 4.5 (d). Line 4 is located furthest from
the septic trench, and probably provides the most representative view of groundwater
features unaffected by the septic trench. The saturated layer displays conductivity
values for fresh water saturated material of approximately 7 mS/m (Urish & Frohlich,
1990). Layer 2 is inferred to mark the capillary zone becoming more saturated with
depth. The capillary zone is approximately 1 metre thick. The capillary zone is
overlain by a highly resisitive surface layer of dry quartz sands (as identified at the

surface).

For the survey lines closer to the septic trench, the nature of the saturated layer
changes. Figure 4.5 (b) shows that the interface between the capillary zone and the

saturated layer becomes undulate in the vicinity of the septic trench.

Surveys 1 and 2, cross directly over the septic trench, as shown in Figure 4.3. The
corresponding sections display a very conductive response directly beneath the septic
trench. Layer 3 conductivity values in this area are at least 33 mS/m, which is higher
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than the typical values expected for fresh water saturated sediment (approximately
7mS/m). Higher than expected conductivity within the saturated zone may be related
to an increase in ionic constituents discharged through the septic trench. The saturated
layer and capillary fringe (as identified in Figure 4.5 (c)) appear to mound towards the
septic trench. The presence of groundwater upconing is further discussed in section
4.6.3. The conductive zone in Layer 3 underneath the trench is also clearly identified
in observed data as seen in Figures 4.6 (c) to (h), where high conductivity is
distributed along the length of the septic trench and extends in the direction of
groundwater flow. This correlates well with inverted sections that display upconing of
the saturated layer underneath the trench. From the plan views it is possible to
determine the approximate spread of the conductive material. It does not appear that
this conductive layer continues further than 6 metre down-gradient from the trench in
Figure 4.6 (e). Conductivity variations do not appear to extend the length of the trench
and are highest in the middle. This suggests that the greatest amount of discharge is
occurring in the centre of the trench. Figure 4.6 (a) to (d) display another conductive
zone, which as discussed previoudly relates to the garden and is only seen in the first
few metres. The deepest layer investigated displays fairly consistent conductivity
values and has a north to south gradient conductivity feature. Local variations within
the saturated zone are probably related to increase in ionic constituents south of the
trench. Figure 4.6 (e€) highlights the contaminant dispersing along groundwater flow
paths.

4.6.2 Site A2

Figure 4.5 (e) and (f) define a conductive layer approximately 4 to 5 metres below the
surface. This correlates well with measured water table values at the time of bore hole
installation (as discussed in Chapter 6). Increased conductivity within the lower layer,
is apparent in both sections, towards the northern edge. This may be related to an
increased volume of ionic constituents within the saturated zone. Once effluent
reaches the water table, it will be forced along groundwater flow paths by the
processes of advection and dispersion. Figure 4.7 illustrates a model for contaminant
dispersion down gradient of the septic trench, which may explain the zones of high

conductivity within the lower layer.
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Survey line 6 is situated directly across the discharge end of the septic trench
approximately 33 metres along the survey line, as seen in Figure 4.3. At this point in
the conductivity section an abrupt change in conductivity is displayed. Conductivity
ranges between 0.01 to approximately 23.2 mS/m. Measured water table heights do
not correlate well with the conductive layer in Figure 4.5 (f). The conductive layer
present in layer 3 is more likely related to the beginning of the capillary zone, which
is heightened below the discharge point of the trench as seen in Figure 4.5 (f). The
high conductivity values for semi-saturated material at this location are more likely
related to effluent dispersion within the unsaturated and capillary zone. The water
table at this location was measured between 4 and 5.1 metres below the land surface
during borehole installation, with a semi-saturated layer of approximately 2 metres
thick. The high conductivity zone in layer 3 extends towards the north and may be
related to advection/dispersion of contaminants along groundwater flow paths. The
high conductivity values of this mound feature are higher than would be expected for
fresh water saturation alone.

Figure 4.8 Hypothesised model for contaminant dispersion based on conductivity
variations. C represents contaminant concentration, decreasing away from the
discharge point. Numbers are for descriptive purposes only.

@ Septic dischargepoint  *+,Resisitivity survey line
A\, Septic trench

Each section displays high conductivity values in the far south pervading into the
upper layer. This is probably a result of modelling, as it is not seen in observed and
calculated data (refer to Appendix 4).
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Measured groundwater TDS at site 1 was 477 mg/L and site 2; 450 mg/L,
consequently there appears to be little variability in regional groundwater chemistry
and local influences are inferred to be responsible for variations in conductivity
measurements. Sub-surface geology and regional water quality are considered to be
relatively homogeneous.

4.6.3 Mounding
Mounding is a common response of the water table to septic adsorption systems

(D’ Amato, 1997). Groundwater mounding occurs when the amount of wastewater
applied to the drainfield exceeds the total lateral flow from the area. In order for the
additional water entering the saturated zone from above to move away from the
drainfield area, the natural gradient must increase through groundwater mounding
(onsiteconsortium.org/ 2002). Saturated hydraulic conductivity and aquifer thickness
have been identified as the most significant soil and field geometry parameters
affecting mound growth (D’ Amato 1997). Groundwater mounding is a complex issue
and this discussion is restricted to geophysical responses only. For a detailed
description of groundwater mounding refer to the above references.

All sections of inverted conductivity clearly display mounding beneath the septic
trench. Groundwater mounding is most visible in array 2, where conductivity
increases to approximately 33 mS/m. Increased conductivity may be produced by
addition of effluent into the groundwater system. The effects of mounding should be
taken into account when considering placement of septic systems. As shown from the
first few surveys conducted at site A1, the saturated zone is up to 1 metre higher than

would be expected from measured water table values.
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4.7 CONCLUSIONS
Septic trenches appear to alter the nature of the groundwater geometry at Dolphin

Sands. A rise of the water table height under septic trenches is inferred at both sites
directly under the septic trench for resigtivity inversions. A zone of increased
groundwater conductivity is observed at site Al, but this zone does not appear to
extend beyond 5 metres from the trench . The conductive layer at site Al displays a
fairly constant value between 7 to 15 mS/m, with a rise directly under the trench in

survey line 2, up to 33 mS/m.

It is difficult from the inverted conductivity sections to define the nature of the
groundwater. The sections display the saturated layer at different depths to measured
water table height by up to 2 metres at site A2 (refer to Chapter 5, Figure 5.2, for a
cross section view of the water table at site A2). The conductive layer at this point is
not the water table but rather an enriched zone of contaminants discharged from the
septic trench. This zone represents an increasing conductivity to depth which relates
to the capillary zone at this point, which has been measured to extend approximately 1
to 2 metres above the water table. The conductivity of this zone varies between each
section and is probably related to distance from the discharge point. The effect of
contaminants, i.e increased conductivity, within the sub-surface is detectable at least 5
metres east and west from the discharge point and up to 30 metres north along flow
lines at site 2. During ingtallation of piezometers along this section, drill core revealed
a homogeneous layer up to 5 metres thick. Therefore, it is unlikely conductivity

variations are related to geology.
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CHAPTER 5: SEPTIC CONTAMINATION

5.1 INTRODUCTION

Septic tank adsorption systems are commonly used for the disposal of domestic
wastes at Dolphin Sands. Septic effluent percolates from the septic trench through the
sub-surface (refer to Appendix 5). Theoretically, adequate purification occurs in the
unsaturated zone before contaminants reach the groundwater. This chapter describes
the study of groundwater quality in reference to a septic tank adsorption system at the
eastern margin of the sand spit. The aim is to identify the ability of these systems to
adequately attenuate septic effluent, so that groundwater reserves are not

contaminated.

5.2 SAMPLING METHODS
5.2.1 Design of sampling program

A groundwater-sampling program was initiated at the beginning of September around
a septic trench at the eastern margin of Dolphin Sands spit. The sampling program
included installation of piezometers and collection of groundwater. Piezometers were
made based on a design by Taylor et al. (1996). A hacksaw was used to cut 3mm
thick dlots into opposite sides of one end of 60mm wide PVC pipes a 2cm intervals.
The dotted interval was approximately 35cm long and covered with a 25nm mesh
attached with plumbing glue (refer to figure 5.1). Each section of pipe was cut into 3
metre sections for transport purposes. Sleeves were used to reconnect piping so that

lengths of 6 metres were achieved.
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Figure 5.1 Construction of Groundwater Monitoring Piezometer (not to scale).
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5.2.2 L ocation and Emplacement

One site was used for the evaluation of attenuation of septic contaminants in the
groundwater. This was due to financial limitations. Site selection criteria was based

on the following points:

Full time occupancy

Hydraulic gradient pre determined by previoudly installed bore holes (refer to
Chapter 2)

Pre site evaluation by resistivity survey

Land access

Knowledge of trench parameters (such as discharge point)

The piezometer installed for this survey was designed to straddle the known discharge
point and follow down gradient flow paths. The effluent is discharged at one end of
the trench rather than along the entire length of the trench. A control piezometer was
installed approximately 8 metres up gradient of the trench to determine the influence
of external sources of contamination unrelated to the septic tank system. Separation
distance of piezometers was determined based on previous research (Cromer, 1998)
and topography. Topography was an important factor when considering installation of
piezometers. As the hand auger was only able to reach approximately 5.5 metres at
some locations it was not possible to reach the groundwater. A detailed system of
piezometers was installed within 2 meters of the trench and then further piezometers
distanced up to 200 meters north of the trench. The array can be more easily described
in Figure 5.2. Holes were dug with a 76mm hand auger with extensions up to
approximately 5.5 meters. Depth to water table varied between 3.58 and 5.5 meters.
Depth penetration below the water table was difficult due to collapsing saturated
sediment. In such circumstances PV C casing with a larger diameter was inserted and
augering continued within the casing. In most cases depth to 40cm below the water
table was achieved. Once the piezometers were emplaced the holes were backfilled
with excavated sediment. Piezometers were capped with PVC plugs to prevent rain

and aeria sediment from entering the well.
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5.2.3Water collection

Water levels were left to recover for three days and on return were purged so that any
external contamination caused by drilling was removed. To extract water samples a
PVC bailer was used. Before sampling was initiated, the bailer was cleaned using
distilled water and sprayed with a solution of water and methylated spirits. Rubber
gloves were worn during the sampling period and washed in the same solution pre
sampling. Sampling was difficult due to the limited volume of water in the boreholes
and at one location (B3) no samples were taken. Sample bottles were placed at a
distance from the sampling site to limit contamination from any sediment agitated by
sampling procedures. Sample bottles were only partly filled due to the limited water
availability and then kept in an Eski. Samples were returned to Water Eco Science
laboratory and Mineral Resources Tasmania the following morning (18/09/2002).
During sampling, water was analysed for dissolved oxygen, temperature and
conductivity using equipment from the University of Tasmania. Dissolved oxygen
(using a portable 100 DC metre®) and conductivity (mg/L) were measured by partly
submerging respective probes in the groundwater samples. Raw sewage samples were
collected from the discharge point by partly submerging a plastic bottle in the

effluent.

3 Oakton 35640 series

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 8




M above or below mean sea level

Chapter 5 Septic Contamination
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Figure 5.2 Sketch of the property at the eastern margin of the Dolphin Sands sand spit, showing the locations of the
wastewater disposal system and the sampling bores A to B, and an interpreted hydrogeol ogical cross-section.
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5.3RESULTS

5.3.1 Bacteria
Seven samples were analysed for Escheria Coli (E.Coli) and faecal coliforms at

Water Eco Science laboratories. Bacterial results are listed in figure 5.3. Mogt of the
samples displayed low bacterial concentration with the most distal sample locations
having counts less than 10/100mL.

Site no |Easting |Northing |Faecal Coliform/mL |E.Coli/imL |PO4- |NH4+ |NO3- |NO2-

B1 600593| 5339105 <1 <1] <0.3|] <10| <0.5| <10
B2 600591 5339111 5000 5000 15 60 100 110
B4 600590] 5339113 <1000 <1000 0.2 100 250 185
B5 600599 5339135| 300 presumptive <0.3| <10| <0.5| <10
B6 600610 5339177 <1 <1] <0.3] <10| <0.5| <10
B7 600625 5339214 <1 <1} <0.3 10 <0.5] <10
Effluent 400,000f 400,000 120 200 0.7] <10

Figure 5.3 Laboratory results from September 15th, 2002.

Samples collected within a distance of 2 metres from the trench outlet show variable
concentrations. The highest concentration was recorded 30 cm south of the trench at
borehole B2 (Figure 5.4 a and b) with E.Coli and faecal coliforms counts estimated at
5000/mL.

Statistical error may be present due to high counts of background bacteria because of
high rainfall previous to the sampling day. High rainfall can cause mobilisation of
background bacteria resulting in overcrowding of laboratory membranes used for
calculating bacteria (pers.comm. Garland, 2002)

Figure 5.4 (a) and (b) display the variation in groundwater constituents in the
monitoring bores. Bacterial concentration up gradient of the trench is less than 10,
with an increasing concentration towards the septic trench up to 5000/mL, 30 cm
before the trench discharge point. Again bacterial concentrations decline with
increasing distance down gradient from the trench, with bacterial concentrations at
300/mL, at least 20 metres from the trench. Beyond 20 metres from the trench

concentrations decrease to less than 10/mL towards the northern boundary.
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5.3.2 Nutrients
Seven groundwater samples were analysed at Mineral Resources laboratory for
phosphate (PO4), ammonium (NH"4), nitrate (NO'3) and nitrite (NO™,) (results shown

in Figure 5.3) and compared to values within the raw effluent.

Phosphate has the lowest concentration in groundwater across the survey area, with
values between <0.3 and 1.5 upstream of the discharge. However, it is one of two
dominant species within the raw sewage, with a concentration 120 mg/L. Ammonium
is the other dominant species within the raw sewage, present as 200 mg/L. Figure 5.5
and 5.6 display the concentration of these species as a total and as a percentage of the
total respectively. These highlight the reversal in relative concentrations as the
effluent moves to the groundwater, with nitrogen species becoming the most
dominant species in borehole B2 and B4.

Nitrogen species display high concentrations within approximately 2 metres of the
trench (Figure 5.4 (a) to (d)). Nitrate is the most dominant species in the groundwater
samples, with concentrations up to 250 mg/L. 1.5 metres north of the trench, and 100
mg/L 30 cm south the trench. However, 20 metres down-gradient the concentration
dropsto lessthan 0.5 mg/L and remainsrelatively consistent to the end of the section.
Nitrite has the same type of distribution, with the highest concentration 1.5 metres
down gradient of the trench and 110 mg/L 30cm south of the trench. Between B3 and
B4 the concentration lowers to less than 10 mg/L and remains constant until the end
of the survey length. Ammonia is the lowest of the nitrogen species with
concentrations of 100 mg/L down gradient of the trench, becoming less than 0.3 by
borehole B3, approximately 25 metres north of the trench (Figure 5.4 (d)).
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Nutrient analysis for each borehole along section
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Figure 5.5 Groundwater bacterial results comparing the contribution of each valueto the
total.
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Figure 5.6 Groundwater sample results comparing the percentage each value contributes to
thetotal

5.3.3 Conductivity and Dissolved Oxygen

Conductivity highs were measured between borehole B2 and B5. Conductivity steeply
increased at B2 and then declined towards the north to approximately 300 mg/L (refer
to Figure 5.7). The steep increase seen in conductivity is not observed with dissolved
oxygen, which is fairly consistent throughout the survey length. An exception is at
B5, where the dissolved oxygen increases to approximately 95 mg/L.
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Dissolved oxygen and conductivity for section
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Figure 5.7 Conductivity and dissolved oxygen across the survey length. Septic trench located
at B3 with groundwater flow towards B7.

5.4 DISCUSSION

5.4.1 Bacteria
Bacteria levels in the raw sewage sampled from the septic adsorption trench are

estimated for E.Coli a 400 000/200mL and for faecal coliforms at 400 000/mL. The
groundwater at this point is approximately 4.5 metres below the land surface.
Boreholes B2 and B3 have concentrations two orders of magnitude less than that of
the raw sewage. However, the counts are very high for groundwater levels, with
5000/mL measured 30cm south of the trench. Therefore, bacteria are able to survive
to reach the groundwater. Bore holes were all approximately 40 cm below the water
table, making it impossible to determine vertical concentrations within the
groundwater. Lateral variations in bacteria counts are shown in Figure 5.4 (a) and (b).
Once bacteria reach the groundwater they are detectable up to 20 metres down
gradient of the trench. The result from B5 is presumptive only (due to laboratory
problems) and so should be viewed with caution, but it is supported by conductivity
values at this location (refer to Figure5.7). It is suggested that bacteria travel at least
1.5 metres down gradient of the trench, with borehole B4 having 1000/ mL, and
probably up to 20 metres down-gradient.
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5.4.2 Nutrients
Nutrients are more commonly a threat to regional groundwater, due to their ability to

travel vast distances within the groundwater system (Canter & Knox, 1991). Each of
the nitrogen species measured along the survey display similar lateral trends. Nitrate
is the most dominant nitrogen species, increasing in concentration from the septic
trench to the groundwater. Nitrate is measured at 0.7 mg/L in raw sewage, and
increases to at least 250 mg/L 1.5 metres north of the trench (Figure 5.4 (e)). Aerobic
conditions are necessary in the unsaturated zone to convert ammonia (NH4") to nitrate
(NO7) in a process called nitrification (Figure 5.8). This process commonly occurs
above the water table, where oxygen and organic matter are abundant (Freeze &
Cherry, 1979). Therefore nitrates can provide an index of the degree of aeration below
the septic trench. Results from the survey suggest that the soil is indeed well aerated
within the unsaturated zone below the trench. NHMRC (1996) guidelines recommend
nitrate levels be below 50 mg/L for safe drinking (results for babies only). The
majority of samples have nitrate levels well below this level. Within the first few
metres nitrate levels are high, but appear to attenuate down-gradient at arapid rate, at
least within 20 metres of the discharge.

Off gassing if water flows
to unsaturated zone)

“Dissolved goses/

NpO ——= Ny

Denitrification

Nitrification
NO3 NHZ
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I
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I
\
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Figure 5.8 Nitrogen inputs and transformation in the groundwater system (Freeze€ Cherry 1979)

Ammonium is present in raw sewage at a concentration of 200 mg/L (Figure 5.5). The

high concentration of ammonium is probably related to anaerobic conditions prevalent
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in the septic system, therefore nitrogen will occur as ammonium ions (NH™,). As
ammonium ions are positively charged particles, they readily adsorb onto negatively
charged soil particles. The relative abundance of ammonium in the groundwater (60
to 100 mg/L) close to the discharge point suggests that the cation exchange capacity
of the sub-soil is very low and that there are little or no minerals capable of trapping
ammonium ions within the unsaturated zone. Ammonium levels in groundwater are
recommended to be below 0.5 mg/L by NHMRC (Chapter 3, Table 3.2). Results from
the boreholes suggest values above this for most of the samples. Values returned as
less than 10 must be considered to have a probability of being close to this value.
However, it is difficult to specify the precise ammonium concentration in the
groundwater samples when geochemical results are ambiguous. Borehole 7 returned
concentration of 10 mg/L ammonium, which is the furthest borehole from the trench
(Figure 5.4 ¢). Based on these results it is suggested that ammonium is able to travel
relatively large distances, unless ammonium is being introduced from other sources,
and this suggests that ammonium is an important hazards in the septic-contaminated

Dolphin Sands groundwater.

Nitrite (NO'2) occurs as less than 10 mg/L in the raw sewage sample. Unsaturated
Zone processes convert nitrogen as ammonium into nitrite before it reaches the
groundwater, as nitrite occurs below the trench at 110 mg/L (refer to Figure 5.4 f).
1.5 metres north of the trench, nitrite concentration were 185 mg/L, attenuating within
the 20 metre distance to the next borehole. Nitrite occurrence in the groundwater is
probably due to conversion of ammonium by aerobic bacteria in the unsaturated zone
(nitrification). A mixture of aerobic/anaerobic conditions is necessary for the removal
of nitrogen species. Firstly, aerobic conditions are required for the conversion of
ammonium to nitrite and nitrate. Ammonium cannot be converted directly to nitrous
oxides, so nitrification is a precursor to the dentrification process. Once ammonium
ions are converted to nitrite, it is possible for anaerobic/aerobic bacteria to reduce this
compound into nitrous gases. The removal mechanism of nitrite and nitrate is
unknown, however it is possible that bacterial processes are at least partly responsible
for the decrease in concentration from the septic trench. Vegetation may also have a

part to play in the uptake of nitrogen species from the groundwater at Dolphin Sands.
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Phosphate (PO4) is present at large concentrations only within the raw sewage
samples. Rapid adsorption of phosphate must occur within the 5 metre unsaturated
zone, as groundwater samples within 2 metres of the trench return concentrations of
lessthan 1.5 mg/L (Figure 5.4 c). High values for phosphate adsorption characteristics
are associated with zones of soil in which iron-organic materials have accumulated
(Whelan et al 1981). Organics were present (as observed during installation of
boreholes) in the first 1 metre of the unsaturated zone, which may account for the
rapid adsorption of phosphate.

5.4.3 Dissolved oxygen and electrical conductivity

Groundwater salinity varies with distance from the septic trench as shown in Figure
5.7. Wastewater infiltration to the water table increased the salinity of the
groundwater in the vicinity of the septic trench. However, at distances greater than 20
metres in a down gradient direction, salinity appears to be unaffected by wastewater
disposal. Conductivities between 200 and 300 mg/L represent “normal groundwater”
and are fairly typical of lower groundwater salinities around Dolphin Sands spit.
Groundwater within the vicinity of the trench (borehole B2 and B4) returned values
between 690 and 885 mg/L. These values are expected to represent the increased ion
content due to infiltration of septic effluent, and appear to be the most robust and
easily measured indicator of septic contamination available at the site.

The trend in groundwater conductivity correlates well with geophysical investigations
carried out along this survey line. The groundwater conductivity validates the use of
resisitivity as a sound means in determining variations in groundwater quality.
Groundwater conductivity readings support that it is variations within pore water, that

are controlling geophysical results.

Dissolved oxygen has a fairly consistent range of values between 44 and 61 ppm, with
the exception of borehole B5. B5 has an anomalously high dissolved oxygen
concentration of approximately 95 mg/L. The presence of oxygen generally implies
that aerobic bacteria are not very active, but also that other types are also not likely to
be active. Therefore, attenuation of nitrogen species may be related to other processes
than bacterially mediated.
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5.5 CONCLUSIONS
5.5.1 Attenuation

Contamination threats to groundwater by way of wastewater disposal appear to be

moderate. Highest contamination appears directly below the trench, but does not
disperse further than at least 20 metres down gradient and <40 for ammonium. Septic
tank adsorption systems are required to adequately purify wastes before reaching the
groundwater system. The data from this study identifies the unsaturated zone as the
least active zone in the process of attenuation. Rather, the zone acts as a place for
nitrogen conversion of nitrogen species (ammonium to nitrite and nitrate). This in its
own right is beneficial in the attenuation of nitrogen species once they reach the
groundwater. It is necessary for nitrogen to be in the ammonium form for conversion
to nitrite and nitrate, this occurs in a well-aerated environment such as that present at
Dolphin Sands in the unsaturated zone. Once these contaminants reach the
groundwater system they are rapidly attenuated within the upper part of the aquifer.
However, the presence of contaminants at the values stated above is a concern. The
water table exists anywhere between 0.7 and 5 metres, with the shallowest at coastal
locations. Shallow water table conditions will decrease the distance for contaminants
to travel before reaching the groundwater. Further studies are needed to assess depth

to the water table as a controlling factor in the attenuation of septic effluent.

Bacteria results suggest migration up to 20-40 metres from the septic trench. This
figure is very high for coastal sands (comparable to less than 10/100mL in coastal
sands, from Cromer, 1998) and may be related to hydraulic loading rates and system
design. Attenuation of bacteria typically is due to sraining and or adsorption onto soil
particles. Bacteria do not commonly travel lateraly to great distances in the
groundwater due to these attenuation processes (Canter & Knox, 1985). However, it is
concerning that bacteria is able to migrate such distances. Nutrients do not appear to

travel more than 40 metres before adequate levels of attenuation are reached.

The selected site has a discharge point at the end of the septic trench, rather than slow
percolation along the entire length of the trench. This may cause greater amounts of
contaminants to enter the groundwater system at this site. The effluent ponds at the
base of the trench, which results in greater hydraulic loading than would be expected

in dow percolation systems. Regardless, the survey identifies lateral attenuation,
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once the contaminants have reached the groundwater system. A number of surveys
would be required for different types of systems to determine the best for wastewater
disposal at Dolphin Sands.

5.5.2 Human health and the environment

At site A2, most contaminants measured exceed recommended guidelines close to the
septic trench. All of the contaminants (bacteria and nutrients) are reduced to safe
levels within 20 metres of the septic trench, except for ammonium. It is reasonable to
assume that similar levels occur beneath other wastewater units across the spit.
Accordingly, it is likely that the World Health Organisation upper limit of 10 mg/L of
NO's-N and ammonium for drinking water is exceeded in groundwater a many
locations across the spit. Based on the above survey it is possible these levels are
restricted to small areas, around wastewater disposal outlets. Separation distance of
boreholes from the septic trench is the main concern when considering threat to
groundwater resources. Although corroborative studies are needed that assess the
effect of discharge volume variation, septic trench-type, and seasonal variation, it
would be appropriate to enforce the following bore restrictions on the spit. Drinking
water bores should be installed up-gradient of septic trench systems, and where thisis
not possible, bores should be > 40 m from the tank systems. Conductivity should be
checked on boreholes, and if it is greater than ~400 mg/L, meters should be assessed
for total coliforms, NH3" and NOs’ values, to assess the pollution risk at the site, and

consider the necessity of bore relocation.
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CHAPTER 6: DELINEATING THE SALT
WATER - FRESHWATER INTERFACE

6.1 INTRODUCTION

The main focus of this chapter is to identify depth to the salt water-freshwater
interface using geophysical methods. This interface moves in response to many
factors, such an increased freshwater consumption and decreased precipitation. If
more freshwater is pumped from the aquifer in these areas than is being recharged,
then the interface can move inland and threaten the supply of freshwater. Therefore, it
is important that this interface be determined and monitored to establish appropriate
water management strategies. At Dolphin Sands there are many boreholes in coastal
locations, posing a threat to the fresh-water aquifer if pumping rates are not
controlled.

6.1.1 The Salt Water Fresh Water Interface
When pumping from a fresh water aquifer in hydraulic connection with sea water,

gradients can be set up which may induce the flow of salt water from the sea toward
the pumping well (Freeze & Cherry, 1979). Understanding the patterns of movement
and mixing between fresh and saline waters enables prediction and planning for
contamination of freshwater aquifers by salt-water intrusion. In an unconfined coastal
aquifer, such as that at Dolphin Sands, freshwater occurs as a lens above the denser
seawater. The depth below sea level to the interface between the two liquids is a
function of the relative densities of the liquids and the height of the water table above
sea level (Bouwer, 1978). This relationship between fresh and saline waters was
indicated independently by Ghyben and Herzberg in 1901. They determined that salt
water occurred underground at a depth below sea level of approximately forty times
the height of fresh water above sea level (Figure 6.1)(Bouwer, 1978). Therefore every
metre of decline in the height of the water table will cause the interface to rise to forty
metres (Roberts, 1988). The Ghyben-Herzberg relationship is shown in Equation 6.1.
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z=40hx (Equation 6.1)

Where z isthe interface and h; is the water table.

Water table

Mean sea level

FRESH WATER 20 metres

40 metres

SEA WATER SEA WATER

Figure 6.1 Ghyben-Herzberg relation (Cromer, 2002).

Density is the major factor in determining the movement of freshwater and saltwater
(Reilly & Goodman, 1985). Cooper et al, (1964) determined that in coastal areas, in
relatively porous media, the denser saltwater tends to remain separate from the
overlying freshwater. Although these liquids remain separate (when in equilibrium) a
zone of mixing occurs at the interface of the liquids. At this zone of mixing, some of
the saltwater mixes with the freshwater and moves seaward causing the saltwater to
flow toward the area of mixing. The mixing zone is formed by the reciprocative
motion of the salt water front, resulting from ocean tides and from the rise and fall of
the water table, due to variations in recharge and other factors such as pumping
(Hilton & Cooper, 1964). It is probably this zone of to and fro motion that createsthe
mixing zone. In a heterogeneous porous geological setting a system of layered mixing
zones can form. The Dolphin Sands spit is a multi layered system, composed of an
upper phreatic aquifer and possibly one or more underlying confined aguifers.

Owen et al (1991) determined saline water in intrusions is generally described as

having a chloride concentration in excess of 300mg |I™*. Seawater has a chloride
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concentration of about 19 g I so that only a small volume of seawater is needed to
cause pollution of freshwater

6.1.2 Ground Conductivity Meters
Ground conductivity meters operate with a transmitter (Tx) at one end and a receiver

(Rx) at the other end (refer to Figure 6.2). The Tx coil induces circular eddy current
loops inthe earth (Figure 6.3). Each one of these current loops generates a magnetic

Figure 6.2 Typical EM 34 ingrument, with the receiver coil
at the closest end. Coilsin VCP orientation (from Geonics
webpage, 2002)

field, which is proportional to the value of the current flowing in that loop (Geonics,
1980). The receiver coil intercepts part of the magnetic field from each loop and the
result is an output voltage, which is linearly related to the terrain conductivity. The
EM instrument essentially measures variations in the electrical conductivity in the
ground by inducing these currents into sub-surface materials with the output measured
at the receiver in millisiemens per metre (mS/m).

Transmitting coil

= Primary field i # P
——-— Secondary field

Figure 6.3 Principle of the two coil electromagnetic system (from Griffiths and King, 1981).
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Surveys at Dolphin Sands were conducted with an EM 34 instrument, which consists
of a large transmitter and receiver coil connected by a reference cable. It measures
conductivity at transmitter — receiver coil separations of 10, 20, or 40 meters with
frequencies of 6.4, 1.6 and 0.4 kHz respectively, i.e. the frequency is quadrupled each
time the separation is halved (Milsom, 1996). Depth penetration also depends on coil
orientation. If transmitter and receiver coils are horizontal co-planar (HCP) then the
instrument is able to acquire data to depths of 15, 30 and 60 metres at 10, 20 and 40
metres spacing respectively. Figure 6.4 displays the difference between HCP and
Vertical co-planar (VCP). VCP is best suited to near surface material and detects
conductivity variations at 7.5, 15 and 30 metres at each spacing as above.

VCP
° Q -
S B S 5 Y, S —

Figure 6.4 Horizontal and vertical co-planar orientation.

6.2 METHODS
For this study electrical methods were deemed the best geophysica method to
delineate the boundary between fresh and salt water, due to their ability to detect

changes in pore-water conductivity and hence are highly responsive to a freshwater-
sat water interface. A number of different methods were used to understand the salt-
water-fresh-water relationship and depth to the interface. Between the 12" and 16™ of
June 2002, DC resistivity and electromagnetic ground conductivity surveys (EM34)
were conducted at Dolphin Sands by KEA 342.

6.2.1 DC resstivity
Three DC resistivity dipole-dipole arrays were conducted on the spit (Figure 6.5). A

Scintrex 1PC9 time-domain IP transmitter and a Scintrex 1PR12 receiver were used.
The most detailed array was conducted at Bagot Point with current input varying from
values of around 200mA at the eastern end of the survey line to values ranging from
60-140mA at the western end. Data was acquired using a dipole-dipole electrode
spacing of 2m, with apparent resistivity measurements taken at current electrode
midpoints from 1m up to 75m, starting from the eastern end of the survey line. At

each measurement point apparent resistivity values were recorded for each of the
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eight n values. The two arrays conducted at the central section of the spit (Figure 6.5)
used 3m electrode spacing to achieve greater depth penetration.

MYGIIOW Sandbanks rd
smme” ~‘r
Bagot Point
S5 10Km
[ |
EM 34 survey Figure 6.5 Location of each resistivity and EM 34 survey conducted at
Dolphin Sands.
= Resistivity

....

'Dolphin Sands Road

6.2.2EM 34

Surveys using a Geonics EM34 terrain conductivity meter were conducted north-
south across the sand spit a Yellow Sands Banks Rd (Figure 6.5). The surveys
consisted of 10, 20 and 40 m coil separation. Measurements were taken at
approximately 10 to 15 metre intervals with Tx-Rx orientated north-south.

6.2.3 Water Chemistry
Water samples discussed in Chapter 3 are incorporated in this chapter to identify

variations across the spit related to chlorine bicarbonate ratios. Sampling methods
have been discussed in Chapter 3.
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6.3 RESULTS

6.3.1 DC Resisivity

Results of the resisitivity surveys are shown in Figures 6.6, 6.7 and 6.8. Each section

displays two to three digtinct layers; a strongly conductive layer underlying aresistive
layer, with a zone of intermediate conductivity values bound by the upper and lower
layer. Appendix 6 displays observed, calculated and modelled results for each section.

6.3.1 (a) Bagot Point
The modelled data from Bagot Point shown in Figure 6.6 highlights a very conductive

layer (layer A) extending from the east along the surface up to 20 metres, then dipping
dightly towards the west. Conductivity values are in the range 23 to >430 mS/m. The
intermediate layer (layer B) isthickest at the surface, thinning as it movesinland. The
elongate surface feature in layer B is apparent at the eastern edge of the section, with
varying conductivity values between 3.4 and 62.5 mS/m gradually increasing east.
Thickness of the intermediate layer is between 2 to 3 metres. The thickness of layer A
is not defined here and may extend further than the depth of investigation. Layer C at
the western margin of the survey displays the lowest range of conductivity values,
between 0.5 and 3.5 mS/m.

Model conductivity with topography
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Figure 6.6 Modelled results of the resistivity survey conducted at Bagot Point. Displayed in
conductivity (mSm)
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Model conductivity with topography
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6.3.1 (b) Coadal Survey
Conductivity values on the southern coastline are one order of magnitude less than at

Bagot Point. Figure 6.7 illustrates conductivity variations within this survey. The most
conductive zone (layer D) displays relatively homogenous conductivity values across
the survey extent. An elongate layer up to 2 metres thick of intermediate conductivity
values (1.3 to ~ 70 mS/m) extends along the surface towards from the south, ending
approximately 20 metres along the survey profile. This layer (layer E) grades laterally
into a more resistive zone at the surface. Layer E extends laterally throughout the
length of the section dipping towards the north.

At the northern coast the survey begins 5 metres above mean sea level as shown in
Figure 6.8. Two distinct layers are present, a resistive layer (layer 1) bound by two
moderately conductive layers (layers G and H) above and below. Layer H does not
appear laterally continuous in this section and occurs as a mound feature,
approximately 1 metre thick. Layer G, between 1 and 2 metres thick, extends laterally
north-south along the entire section with a fairly consistent range of conductivity
values (~ 1.7 mS/m). Layer | becomes more resistive as the survey moves south, and

extends vertically to at least the depth of investigation.

6.3.2 Electromagnetics

EM 34 results were modelled by Reid (2002) to develop a 1-D inversion model. These
results were plotted as a cross section, which was interpreted as a 2-D multi layered
cross sectional model. The cross section view has been interpreted based on modelled
data and is shown in Figure 6.9. The difference between observed and modelled data
has been depicted in graphical form in Figure 6.10. The difference between sets of
data relates to the confidence in modelled values, expecting that modelled data close
to observed data would be more reliable. Modelled values have lower confidence as
they approach the coastline, and the first few data points should be viewed with
caution (refer to Appendix 7 for modelled and observed results).

EM 34 modelled data interpretation is based on conductivity contrasts within the sub-
surface. The modelled data defines two distinct layers of contrasting values. The
upper layer displays values between 2.7 x 10 ° S/mand 1.2 x 10 ?S/m. Values
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beneath 50 m have not been used in this interpretation as they are close to the
theoretical depth of investigation for this method. The lower layer is of variable
conductivity between 0.4 and 3.7 S/m with the lowest values occurring at the northern
end of the section.

At the northern coastal margin the base layer dips sub horizontally towards the south.
Further inland approximately 300 metres from the northern edge the base layer dips
off sharply and is not apparent until within 100 metres of the southern coast.

Conductivity within the lower and upper layer increases towards the mid section of

the pit.
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Figure 6.9 Modelled EM 34 cross section. Average conductivity values are displayed in each layer.
Vertical and horizontal scale in metres.

6.3.3 Hydrochemical Evaluation of Groundwater

Chemical analysis of groundwater may provide an indication of salt water intrusion to
coastal bore holes. Chapter 3 discusses a suite of water samplesthat were analysed for
major anions and cations. Todd (1959) discusses the correlation between chloride
bicarbonate (HCO'3) ratios as a means of determining the influence of salt water in
fresh water aguifers close to the coastline. Chlorine (Cl) isthe major ion in sea water
and bicarbonate is the most dominant ion in groundwater and so the ratio may be an
indicator of the relationship between the two different waters. Figure 6.11 displaysthe
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Figure 6.10 Modelled and observed VCP and HCP valuesfor the EM34 survey

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer

101




Chapter 6 Delineating the Salt Water — Freshwater | nterface

poor linear relationship between Cl and HCO 3 for groundwater samples collected at
Dolphin Sands. In the case of Dolphin Sands HCOs is the major ion in the
groundwater samples, with Cl abundant in some samples. Figure 6.12 displays total

HCO3 mg/L
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Figure 6.11 Graphical representation of relationship between bicarbonate and chloride for
Dolphin Sands groundwater

ion concentrations and chlorine bicarbonate ratios of groundwater samples across

Dolphin Sands (refer to Chapter 3 Figure 3.1 for sample locations).

Chemical Analysis of Groundwater Samples
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Figure 6.12 Total ion concentration for each groundwater sample across Dolphin Sands with

chlorine/bicarbonate ratios displayed in yellow.
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6.4 DISCUSSION
6.4.1 Bagot Point
The highest conductivity values measured at Bagot Point define sea water with little

or no mixing of fresh water. Deposition of salts during this period and the expected
shallow nature of the sea water at the time of investigation (i.e low tide) may explain
the relatively consistent conductivity values up to 15 metres along section. After this
point conductivity begins to decrease both laterally and vertically. Along the surface
at the upper part of layer B a wide zone ( ~ 15m) of intermediate values is observed
(Figure 6.6). Layer B displays a conductivity range between 3.4 to 62 mS/m, which is
much higher than expected for fresh water as seen in previous groundwater
investigations (refer to Chapter 4). The upper section of layer B probably denotes a
seepage face (fresh water discharge zone). Within this area, it is likely that fresh and
salt water mixes or at least the fresh water discharging at this point is influenced by
salts deposited during periods of high tide. Layer B dips sub-horizontally to the west
until at least 59 metres along the survey line, at this point it is difficult to determine
the nature of the interface as the survey is cut off. It appearsto dip sharply to the west
for the latter part of the section, however the survey does not penetrate deep enough
for an accurate interpretation. Layer C, depicted in red in Figure 6.6, displays
relatively high conductivity values and is probably partly saturated. The upper limit
of the mixing zone appears at 3 metres below the surface at the furthest point of the

survey.

Estimating the thickness of the fresh water aquifer is difficult, but if we assume fresh
water from Chapter 4 has a conductivity of approximately 7 mS/m, then the water
table at 63 metres along the survey line is approximately 3 metres below surface.
Further inland, layer A is beyond the depth of investigation, so the fresh water lens
extends vertically least 1.5 metres below the surface at the most western edge of the

survey.

EC measurements taken across Dolphin Sands spit reveal highest concentration at the
eastern end. Conversion of EC into TDS revealed up to 1105 mg/L. The desired limit
for potable water is generally less than 1000 mg/L. TDS tended to fluctuate between
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799.5 to 1000 mg/L at site Dol208 (refer to Chapter 3, Figure 3.12 for location). The
location of this sampling point may be related to the proximity to the ocean. The
conductivity section for Bagot Point reveads a shallow saline water body, which
appears to dip off steeply inland at approximately 63 metres along section. The
increased level of TDS recorded a this location may be due to some mixing of fresh
water with a more saline body. Tidal fluctuations should be considered when
investigating the possibility of salt water intrusion. During acquisition of geophysical
datathe tide was at its lowest. At high tide the salt water body will be at higher levels
than shown in Figure 6.6.

6.4.2 Coastal

Layer E for this survey correlates with fresh water saturated material. The 1 metre
thick elongate body on the surface at the southern edge probably defines the fresh
water seepage face (Figure 6.7). The seepage face is clearly shown in Figure 6.7 and
also in Figure 6.6, at Bagot Point, both with similar geometric characteristics. The
seepage face has been described as part of layer E and is primarily an extension of the
freshwater aquifer. Layer F is defined as dry beach sands due to the very low
conductivity values represented in the cross section. Layer F extends to a depth of
approximately 1 to 2 metres where it becomes increasingly saturated with fresh water.
At the furthest point north along the section layer E appearsto dip steeply to the north.
However it is difficult to determine accurately due to the limited depth of
investigation of this survey.

6.4.3EM34

EM 34 traverses were conducted along the same survey line as the resistivity surveys.
EM 34 data points begin approximately at the northern end of the resistivity survey.
Refer to Figure 6.9 for a detailed cross section modelled based on EM 34 data. At the
southern edge of the survey a conductive layer is at approximately 5 metres below the
surface, correlating with resistivity measurements. This layer appears to dip north
approximately 40 —45 degrees for 100 metres along section, where it dips almost
vertically to at least 50 metres below the surface (close to theoretical maximum depth
for EM 34 investigation).
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The upper layer detected by EM 34 does not differentiate between fresh water
saturated sediment and the resistive dry sands. This is due to inability of the
instrument to detect conductive highs within resistive ground. The upper layer is a
expected to be a mixture of both dry and saturated sand based on hydrogeological
investigations as discussed in Chapter 2. It is expected that the water table is at
shallow depths under the surface, due to water table measurements conducted close to
this area. For the purpose of this study it is important to delineate depth to salt water

30 that sustainable rates of water use can be determined.

The lower layer delineates a salt water saturated body at depth. The depth to salt water
varies along the survey length. The mid section of the spit ( between approximately
250 and 600 metres from the north) displays the freshwater saturated area extending at
least 50 metres below surface. Outside this, the salt water is approximately 10 to 20
metres below the surface at coastal margins. The abrupt change in depth to salt water
which occurs within the mid section of the spit does not agree with the density
relationship postulated by Ghyben and Herzberg. This relationship would see a
gradual decline in depth from the coastal margins, rather than the geometry suggested
inthe EM 34 data.

Previous seismic work from Cromer (1979) at the western margin of the sand spit

determined two possible geological conditions (refer to Figure 6.13).

Cloy below sea ievel P::_P;!d Greater drawdown
Saltwoter intrusion
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\Ir;:parrices
Solft woler

Figure 6.13 Possble water table conditions (@) and( b) present at Dolphin Sand s(from Cromer,
1979)
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The EM 34 results suggest a water table condition like that in Figure 6.13 (a), with the
clay layer below a depth 50 metres.

6.4.4 TheMixing Zone
6.4.4 (a) Bagot Point
Geophysical surveys revealed a mixing zone between 16 metres at the coast to

approximately 5 metres at the furthest point inland. The salt water freshwater interface
appears to dip off sharply as it moves inland, however it is difficult to predict the
nature of the interface, as the survey does not penetrate deep enough for continued
evaluation at depth. The extent of the mixing zone at surface level is more likely a

seepage face that is enriched in salts deposited during high tide.

6.4.4 (b) Coastal Zone
Typically the mixing zone increases in thickness toward the shore and is thinnest

towards the interior. The transition zone is usually less thick on the lagoon side —
quiescent margin (Urish & Frohlich 1990). Salinity increases with depth in the mixing
zone, grading into salt water at depth. The resistivity surveys identify a layer of
increasing conductivity with depth between the upper and lower layers. This relates to
the mixing zone between fresh and salt water. Figure 6.7 displays comparatively
lower conductivity values for layer D. It may be assumed that this layer is the mixing
zone rather than a distinct salt or fresh water saturated layer. The intermediate layer
with values between 1 and 5.9 mS/m may represent a seepage face along the coast.
Figure 6.6, at Bagot Point, depict values > 431 mS/m for saline water. Consequently,
it is more likely that sea water is not illustrated in figure 6.7, and that the conductive
layer is a mixture of fresh and salt water, becoming more saline with depth. Layer E,
represented in yellow and green, (0.42 to 5.9 mS/m) is inferred to be a semi saturated
layer of fresh water, i.e. the capillary zone, becoming fully saturated at depth.

6.4.5 Groundwater chemistry analysis
According to Simpson (1946) groundwater with a ClI/HCO3 ratio of 0.5 is normally

good groundwater. Most of the values across Dolphin Sands are within this range.
Sample 15 has arelatively high CI-HCOS ratio, this may due to proximity to the coast
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and shallow depth of the borehole. This sampling site is at the eastern edge of the spit,
which correlates with high EC values from another location close to site 15. The
influence of salt water may be stronger to the eastern edge of the spit. However, due
to limited data it is difficult to resolve the local variation across the spit. Further study
is recommended in this area to determine the influence of salt water on freshwater

reserves.

Another interesting point from this data set is the variation between sites 11, 12 and
13. These data points are spread out north -south across the spit at the eastern end.
Site 13 displaying the lowest ratio is almost exactly in the centre of the spit, with site
11 at the south coast and site 12 at the north coast. This group of samples may
indicate the relationship between distance to the coast and ratio between CI-HCO3. So
that as flow moves closer to the coast the effects of salt water mixing become
apparent in the shallow aquifer. This is not supported regionally across the spit,
where the lowest ratios (site 9 and 10) are found on the south coast. It did not appear
that these bores were being pumped at the time of water sampling. Pumping rates may
be important in affecting sea water intrusion. However, this information was not

available at the time of study.

It is difficult to determine spatial correlations with CI-HCO3 data. However, bore
holes currently in use and close to the coast display relatively high CI-HCO3 values.
Variation between values is minimal and may relate to local influences rather than a

good indicator of salt water contamination

6.5 CONCLUSIONS
Based on the Ghyben-Herzberg relationship, salt water will be approximately 40
times deeper than the height of the water table above mean sea level, as shown in

Figure 6.1. A typical sand spit water table geometry consists of a water table divide in
the centre with decreasing head towards the coastline. Field measurements at Dolphin
Sands support this model, with hydraulic head measurements up to 2.5 metres in the
centre dipping shallowly towards the coastline. If the Ghyben-Herzberg relation is
used to determine a model for depth to salt water then the salt water-freshwater
relationship would look something like that in Figure 6.1. However, EM 34
investigation revealed a less symmetrical relationship between these two bodies. The
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salt water saturated zone appears to drop off almost vertically 300 metres from the
north edge and 100 metres from the south coast, rather than a systematic decline. This
may indicate other factors are present influencing depth to salt water or that another

layer is present.

Resistivity surveys at Bagot Point indicate a shallow salt water body extending at
least 65 metres inland. The nature of the salt water beyond this is unknown. Based on
this data it would seem pumping within the 60 metre zone could induce the flow of
salt water inland, hence contaminating the fresh upper layer. Pumping rates should be
monitored carefully within this area, especially during periods of low rainfall. Further
installation of boreholes at the eastern margin should be viewed with caution, with
further investigation an essential requirement for any increased water usage in the
Bagot Point area. The survey conducted at Bagot Point is limited to a small area and

should not be regarded as consistent acrossthe entire point.

Surveys traversing Yellow Sandbanks road yield a deeper salt water body. It is not
possible to egimate a depth to sea water based on DC resistivity investigations.
Within 40 metres of the south coast, a conductive layer is present approximately 5 to
6 metres below the surface. This layer is probably a continuation of the mixing zone
rather than “pure’ sea water. The interface between the two liquids appears to dip
shallowly towards the north, however the data does not suggest this dip is consistent
across the spit. Aswith the pseudo section at Bagot Point, it appears this layer dips off
sharply towards the western end of the section. It is difficult to ascertain the validity
of this based on current data. A continuation of these surveys would best indicate the
nature of the interface further inland. EM 34 investigations support a steeply dipping
interface at approximately 100 metres inland from the south coast. At this point the
survey suggests an upper layer, probably fresh water saturated sediment, extending to
at least a depth of 40 metres.

6.6 RECOMMENDATIONS
Resistivity surveys provided a clear distinction between conductive and resistive

layers within the sub-surface, and are deemed a good indicator of the salt water
freshwater interface. Further resistivity surveys at different locations around the spit
would be of benefit in determining regional variations. A further study should
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increase electrode spacing so that depth of investigation is improved. The salt fresh
water interface as indicated in this study dips beyond the surveys depth penetration.
Further study would be best directed across the entire width of the spit with electrode
spacing at approximately 20 metres.

Water sampling at depth is a major limitation within this study. A system of bore
holes at varying depth and covering at least one cross section of the spit would be an
asset to identify water salinity variations with depth. This information could then be
correlated to geophysical data.
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CHAPTER 7: FLOWTUBE MODELLING

7.1 INTRODUCTION
Flowtube is a relatively simple groundwater modelling program for examining the

effects of a range of recharge and discharge options on catchment groundwater. The
program is a product of Agriculture Western Australia, produced in collaboration with
CSIRO Land and Water and The University of Melbourne (Flowtube Groundwater
Calculator version 1.0, User Manual, 2001). Numerous versions of Flowtube have
been developed and continue to be developed under the name "Funnel” (Argent
2001).

For the purpose of this project, Flowtube version (1.1) was used to estimate the long-
term trends, and the periods of time over which groundwater movements will take
place. This chapter examines the response of the water table at Dolphin Sands if no
vegetation is present and then with a number of different scenarios such as climate,
pumping and vegetation as determined by the groundwater modelling program

Flowtube.

7.2FLOWTUBE INTERNAL WORKINGS

The model underlying the Flowtube program is based on afinite difference solution to

the one-dimensional Darcy's Law for saturated flow in a semi-confined aquifer.
Flowtube assumes that all flow occurs through a conducting aguifer, Flowtube
assumes that all flow along the flowtube occurs through a conducting aquifer (Layer
1). Thisaquifer is overlain by a semi-confining layer (Layer 2) where the groundwater
surface lies (ie. the conducting aquifer is full and saturated). The aquifer is underlain
by a zero vertical flux boundary (Figure 7.1).

Flowtube assumes that the groundwater head values used in the calculation represent
the position of the groundwater surface (Argent, 2001). Accordingly, the model is

based on the assumption that there are no confining or semi confining layers in the
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aquifer that may result hydraulic head pressure unrepresentative of the water table.
For a detailed description of calculations behind Flowtube refer to Appendix 7.

Recharge
Head I

Section #1

\\\\\

 Layer2

~ Layer 1; Conducting
aquifer

- Basement

Section #2

Figure 7.1. Schematic diagram representing the model underlying Flowtube (Adapted from Argent,
2001).

7. 2.2 Filereguirements

Flowtube requires two input files; a flowtube file that provides the flowtube details
for the given site and a treatment file that provides information on the effects of

different treatment options on recharge.

7.2.2 (a) Flowtube details
The finite difference solution allows for different aguifer, surface and groundwater

details to be set at each of a series of cross sections along a tube of flow for a section
of catchment. Additional parameters that remain constant over all sections include,
evaporation, evaporation depth, maximum discharge and hydraulic conductivity
above the aquifer (refer to section 2.5.3).
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Simulations require time block(s) and a number of time steps within each time block
and recharge is apportioned to each section in each time step. All simulations were
run with only one time block for a 10 year period. Recharge represents long term
values (ie. decades to centuries) rather than seasonal or annual values (Argent, 2001).
Although Flowtube allows for various recharge values to be applied to sections of the

tube, al simulations were run with a constant value for each section.

The mass conservation of the model is checked at every time step, and a warning is
provided when the mass is not balanced. If the head in any timestep is greater than the
surface elevation, then the head value is set equal to the surface elevation and the

surplus water is removed as saturation excess flow (Argent, 2001).

7.2.2 (b) Treatment files

Flowtube provides several treatments options that will alter the recharge applied to the
flowtube. An example of a treatment is planting of trees or pumping. Treatment
values applied are a proportion of the current recharge value (Argent, 2001). The
program has installed values for upper and lower limits and also allows for two
treatments to act consecutively to arecharge value.

7.3 SIMULATION RUNS

7.3.1 Flowtube ssimulations with no treatment

Two sets of recharge data were simulated over a 10 year period with the treatment
parameters inactive. The input datawas based on;
1. high evaporation, low precipitation conditions (Swansea meteorology data for
December, 2002) and,
2. low evaporation, high precipitation conditions (Swansea meteorology data for
June, 2002).

7.3.2 Treatment simulations

Flowtube was run with average evaporation and average precipitation conditions
(values calculated by averaging Swansea meteorology values over the year of 2002)
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over a 10 year period in conjunction with three separate treatment options. These
were;
1. asimulation with the lower bound value for pine/eucalyptus plantation over
the flow tube,
2. asimulation with the upper bound value for pine/eucalyptus plantation and,
3. asimulation with an average pumping value.
These values are a proportion of the current recharge value and are provided in the

program.

74 SIMULATION PARAMETER VALUES USED AND_ PROGRAM
MANIPULATIONS
The first requirement of the program is to select one of the five options for an agquifer

model taken from Coram, 1998 that are currently able to be represented in Flowtube.
At present (Version 1.0), the selection makes no difference to the operation of
Flowtube, rather it is areminder that certain properties need to be set to represent the

conceptual aquifer model (Argent, 2001).

Solution of the different equations requires the imposition of various initial and
boundary conditions. These are:
Initial values of groundwater piezometer head at each section along the tube.
These values were taken from bore monitoring head measurements on the 2™ of
May 2002.
A no-flux boundary at the uphill end of the flow tube (groundwater divide), with a
local head that has zero slope and is steady over time. For modelling purposes, the
sdtwater wedge was also assumed to be a no flow boundary as mixing zone
between these two waters is consider to be of minimal extent (refer to Chapter 6).
This boundary was imputed by raising the bottom elevation to an approximate
outline of the satwater wedge based on geophysical data (Chapter 6). (Figure
7.2).
An outlet boundary condition where ground water intersects the soil surface or
where a creek/sea is present, representing a constant piezometric head. Although
Flowtube allows for "Free Drainage", “Constant Head” was selected for all
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simulations. However, simulations run selecting "Free Drainage” instead

simulated almost identical results.

- Scenario Results [Length of tube at suface or max evap depth, Length of tube at Tm depth) [m)
Caze Study/ Site Mame: Dolphin Sands Flaw tube simulation

—— Low precipitation, High evapotransporation [Dec] [ 150, 150)
—— High precipitation, Low evapotransporation [June] [ 200, 200)

Surface
Bottom

"Surface and Bottom

Elevation [m)
1201

Figure 7.2. Schematic diagram showing surface (green line) and bottom (black) elevation
input data.

Parameters that the program requires are the following;
Maximum Discharge (m/day): The upper value for vertical discharge from the
flowtube to the surface for each section. If the calculated discharge exceeds the

maximum discharge, head is set equal to surface elevation, and the surplus volume
of water is redistributed along the flowtube. Field observations over the study
period concluded that at no time was groundwater discharging to the surface at
any point along the cross section of the spit. As to limit the proportion of the
flowtube with vertical discharge, a high vertical discharge was used.

Hydrogeology and Contamination Potential of the Dolphin Sands Aquifer 114




| Chapter 7 Flowtube Modelling

Proportion of runoff into top of the Flowtube: A portion of the input runoff

(specified for each recharge block) can be input to the top section of the flowtube.
It was assumed that all infiltrating water was either evaporated or reached the
saturated groundwater zone. The value given here was therefore 0.

Hydraulic conductivity above the aguifer (m/day): This value is used with the

aquifer K value to calculate an effective hydraulic conductivity for flow within the
aquifer. This is used to account for the assumption that the upper layer does not
conduct water. The magjority of simulations were run with this K value slightly
less than the K value of the aguifer (4.5 m/day) to prevent oscillation.

Number of recharge time blocks: This value sets the number of blocks of

recharge to be used during a simulation.

Proportion of flowtube outflow to stream: Some of the discharge out of the
flowtube can be directly apportioned to sreamflow using this value in an attempt
to match surface hydrographs. A value of O was given for all simulations as no
rivers occur along the spit.

Recharge value (mm/year): Precipitation data was obtained from the Bureau of
Meteorology for each month of the year 2001/2002 (Chapter 1, Figure 1.6).

Distance (m): The distance at which the outflow from the flowtube reaches the
constant head value. For the purpose of modelling, only one side of the spit from
the groundwater divide was considered. All simulations were run using a 50m

spacing between 10 sectorsto equal a distance to outlet head of 500m.

Evaporation Parameters: Evaporation calculations can either be active or inactive.

All simulations were run with active evaporation. Flowtube applies evaporation to
near-surface groundwater at a rate that varies linearly from the "Max ET rate
(m/day)" for water at the surface, down to zero for water a a certain depth (m).
The maximum evaporation rate was calculated by multiplying the evaporation
data from the Bureau of Meteorology by a rainfall co-efficient of 0.33 The
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maximum evaporation depth value used for all simulations was 1.0 metres. This
value represents an approximate value for unconsolidated sands (Papadopolous
and Maloupa, 2002).

7S5RESULTS

7.5.1. Water table elevation for Flowtube simulations with no treatment

The simulation run results estimating head values for each output time and each
section for the high evaporation low precipitation conditions scenario is shown in
figure 7.3. Over a 10 year period, with no treatment (e.g. no pumping and no

vegetation), amaximum rise in water table of approximately 1.1 mis estimated.

The simulation run results estimating head values for each output time and each
section for the low evaporation high precipitation conditions scenario is shown in
figure 7.4. Over a 10 year period, with no treatment (e.g. no pumping and no
vegetation), a maximum rise in water table of approximately 2.6 m is estimated.
Therefore, the difference between the two smulationsis 1.5m.

7.5.2. Water table elevationsfor Flowtube simulations with treatment

Figure 7.5 compares the final groundwater level results for average precipitation and
evaporation data over the year 2002 without treatment at the end of 10 years with a
number of other simulation with the same recharge data but with treatments. When
the lower limit value for Eucalyptus/Pine activated, the groundwater decreases by a
maximum of 2.0 m (blue line). When the upper limit value for Eucalyptus/Pine is
activated the groundwater level decreases by a maximum of 5.1m (purple line). When
the average pumping value is activated, the maximum decrease in groundwater level
iS6.3m (red line).
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Figure 7.3. Smulated groundwater projection for certain periodswith high
evaporation, low precipitation data.
106 —182
—364
105 4 546
728
—0910
104 1 —— 1092
— 1274
£ 103 —— 1456
= 1638
3 1820
I 102 2002
2184
101 2366
2548
100 2730
2912
——3094
9 ‘ ‘ ‘ ‘ 3276
0 2 4 6 8 10 12 3548
Grc;undwater divide (500 mfrom $ections Sea level 3640
seq,

Figure 7.3. Smulated groundwater projection for certain periodswith low
evaporation, high precipitation data.
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Figure 7.5. A comparison between final groundwater level results for average precipitation and
evaporation data over the year 2002 without treatment (brown line) with a number of other
simulation with the same recharge data but with treatments. These are; with the lower limit value
for Eucalyptus/Pine (blue line), the upper limit value for Eucayptus/Pine (purple ling), and an
average pumping value (red ling). The surface (green line) and bottom levels (black line) are also

shown aong with the lengths of the flowtube at the ground surface.

7.6 DISCUSSION

Both simulations that were run without any treatment option estimated arise in water

table after a 10 year period. However, groundwater heads decreased over the same

period when each of the treatment options were activated. Field observations and

precipitation data have suggested a decrease in water table elevations during this year.

Based on this assumption, it is suggested that vegetation and/or pumping by residents

decreases the water table at Dolphin Sands. It is suggested that an increase in

vegetation will have a negative impact on the water table if current high or low

precipitation occurs. Climate is an uncertain variable that can change from year to

year; therefore the results from this study can only be used as a guide and may be

subject to change based on environmental parameters.
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77.LIMITATIONSOF FLOWTUBE

Flowtube works on long term average recharge values. Therefore, the program cannot
provide accurate estimates of short-term (less than 10 years) fluctuations and
groundwater changes. For some sets of catchment parameters (such as closely spaced
sections along the tube), flowtube produces unstable results, with significant
oscillations in groundwater level over time. Oscillations were encountered with initial
attempts of simulation and lowering the hydraulic conductivity and/or porosity and/or
increasing the spacing to subsequent sections was the only way to rectify the error.
However, the field data needed no manipulation in later simulation (from which the
results were interpreted). It is suggested that the oscillation in the initial simulations
were at least partly attributed to either inaccurate precipitation values and/or the fact
that the evaporation program parameter was not selected to run.
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CHAPTER 8: CONCLUSIONS

8.1 CONCLUSIONS
This study focused on a number of different aspects of the Dolphin Sands Aquifer,

pertaining to contamination and water use. Using a number of different
methodologies, this study was able to evaluate and meet the aims stated in Chapter 1.

8.2 DOLPHIN SANDS GROUNDWATER SOURCE
Groundwater at Dolphin Sands is distinctly bicarbonate-calcium type water, with

varying concentrations of each maor ion across the spit. Waters from the Swan-
Apsley catchment are a chloride type, and on the western margin of Dolphin Sands

become a sodium-potassium-chloride type.

Water chemistry data suggest that precipitation is the predominant source of recharge
to the Dolphin Sands Aquifer. It would be expected at site 5 that an integrated water
type of both upper catchment and aquifer waters exist. However, the results display at
least three aguifers within the region studied. Further studies should involve collection
of groundwater samples closer to Dolphin Sands and around the western margin of
the spit to determine the extent of hydraulic connection between these aquifers.

8.3 SEPTIC CONTAMINATION
Detailed geophysical and water sampling investigations revealed that septic effluent

reaches the groundwater system. Direct groundwater sampling and analysis supported
the interpretation geophysical surveys. Conductivity variations within geophysical
surveys suggested septic effluent dispersion at least 6 metres down gradient at site A1,
and up to 15 metres down gradient at site A2. Geophysical investigation at site A2
was followed up by a groundwater sampling program. Samples returned high counts
of bacteria, nitrate and nitrite from the groundwater. High concentrations of these
congtituents were apparent approximately 2 metres down gradient of the trench and
were observed in lower concentrations up to 20 metres north. This data suggests that
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most attenuation occurs within the groundwater, and at least within 20 metres from
the septic trench. However, septic trenches are designed to atenuate contaminants
within the unsaturated zone before they reach the groundwater. It would not be safe to
assume that attenuation within the groundwater zone is sufficient for domestic
groundwater use, particularly when boreholes are located within close proximity to
trench outlets.

84SALT WATER CONTAMINATION
The salt water-freshwater interface was delineated through use of geophysical

techniques at three sites around the coast of Dolphin Sands. Shallow investigations at
coastal margins revealed the interface dipping shallowly inland, with depth to the
interface between 0 and 3 metres below the surface. The immediate concern with the
salt water—freshwater interface, is that at shallow levels, it is possible for over
pumping to cause salt water to be drawn into the fresh water aquifer. The resistivity
surveys define the interface only a few metres below the surface, at least 60 metres
inland from the coast. The DC resistivity method proved to be a sensitive way to
investigate the nature of the salt water-freshwater interface. It allows for adequate
mapping of the interface without the need for installation of bore holes. The results
indicate that pumping within the limits of the surveys could result in contamination of
the freshwater aquifer.

Deeper investigations on a north-south transect across the spit revealed the nature of
the salt water—freshwater interface through a north-south section of the spit.
Inversions of the EM 34 data delineated two distinct layers below the surface. The
upper layer is interpreted as a combination of dry and saturated sands, with a basal
layer of high conductivity indicative of salt water saturated sediment. The cross
sectional model correlates well with previous studies at the western margin of the
sand spit by Cromer (1979). It identifies a relatively thin lens of fresh water at each
coast and athicker body within the centre of the spit.
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8.5 HYDROLOGICAL INVESTIGATION
Determination of hydraulic parameters such as, hydraulic conductivity and hydraulic

head, enable modelling of future water table heights. The program Flowtube was used
to project water table heights due to a number of different scenarios. Simulations
which run without the influence of deep rooted vegetation or pumping display a water
table rise of 1.1 metres over a 10 year period, assuming both low and high
precipitation climate values based on the year 2002. The true case a Dolphin Sandsis
that vegetation and pumping do occur along the spit, so that this scenario is unlikely.
However, it does highlight the affects that vegetation and pumping have on the
aquifer. When other factors such as pumping and vegetation are considered the water
table is projected to drop substantially by between 2 to 6 metres. The results are based
on the year 2002 climate data, which may result in unrealistic determination of the
water table height, however two climatic scenarios were used to simulate the potential
difference between a wet and dry year based on current Swansea climatological data.
It is therefore suggested that with current high and low precipitation and evaporation
values lowering of the water table can be expected. It is the parenthesis of this study
to understand the ability of the aquifer to sustain development along the spit. The
modelling programs simulation runs with pumping and vegetation may over estimate
water abstraction rates and therefore the degree to which the water table may drop

should be viewed with caution.
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Observed and modeled EM 34 results

APPENDIX 7

Easting Northing VCP HCP VCP HCP VCP HCP

Obs10 Mod10 Obs10 Mod10 Obs20 Mod20 Obs20 Mod20 Obs40 Mod40 Obs40 Mod40
596847 5339892 18 13.1 24 23.5 55 45.3 56 60.3 80 95.5 155 82.1
596839 5339859 14 8.8 16 16.2 41 34.2 46 49.6 65 80.8 130 79
596836 5339823 10 5.9 12 11.1 26 28.5 34 42.5 80 80.1 100 77.8
596828 5339770 7 3.8 8 6.9 18 22.6 24 33.2 85 79.7 75 68.6
596825 5339744 7 4.6 6.5 6.7 18 21 22 29.8 80 76.1 68 64.4
596821 5339709 5 35 6.5 5.7 17 19.8 24 28.2 80 77.3 60 58.5
596814 5339664 6 5.1 7.5 7.9 18 19 28 27.3 64 63.9 52 52.1
596809 5339630 7 6.7 8 8.1 12 12.4 17 16.8 30 30 32 32
596797 5339547 8.4 7.6 11 8.8 14 10.6 16 13.3 17 14.1 12 16.2
596793 5339511 11.3 12.7 15 12.5 10 13.2 15 12.1 13 12.7 8 10.3
596683 5339472 9 10 8.5 10 12 10.5 11 9.9 12 10.3 7 8.8
596680 5339432 9.4 9.8 9.8 9.6 12 10.6 10 10.1 12 14.1 16 14.9
596675 5339386 8 7.9 9.1 9.1 10 10.1 12 11.9 14 14 16 16
596677 5339346 8 9 10.2 13 18 14.1 21 18.8 16 17.8 17 18.4
596663 5339322 12 10.3 14.5 16.1 22 20.2 40 28.8 19 32.1 41 37.2
596662 5339283 10.5 9.4 16 14.7 24 24.2 37 36.2 45 48.7 62 58.6
596647 5339242 12.4 11.3 17.5 19.8 36 48.2 58 58.9 130 117.8 85 75.7
596648 5339214 16 27.6 255 39.3 97 105.6 115 83 230 197.1 120 79.1
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Observed, calculated and iterated conductivity sections for coastal
surveys
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APPENDIX 4

Observed, calculated and modelled conductivity sections for

groundwater evaluation
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Basic geology

.. Boundary of substantial dolerite Permian Glacio-marine

sediments
Inferred graben of Tertiary Mesezoic age Silicified quartz rich
sandstone
Boundary of Tertiary basin . Trisesic 2 sardst
riassic ? sandstone

. Jurassic Dolerite




APPENDIX 8
Flowtube

The mass of an elemental volume (of unit length) is:
Mass= A;:P; + AsP»
where A is the wetted cross sectional area, and P the Porosity, of the layers 1 and 2.

On a unit length basis, the elemental volume is the same as the mass. The change of
volume over time (assuming that layer 1 remains full, and A; is constant with time) is
therefore given by:

dV/dt = P,.dA,/dt

Darcy's equation gives the flux through layer 1 at any distance (x) along the tube as:
qg=- A1. K1, dH/dx
where K is the saturated hydraulic conductivity, H isthe head.

Equation (3) can be written in finite different form for the flux between two nodes, N
and N+1, as:
g =YoArnKin + Arn+iKn+n)* (Hne-Hi)/AX

For mass equilibrium, the rate of change in volume (with time) can be equated to the
rate of change of flux (with distance), plus any recharge (R), thus
dV/dt = dg/dx +R
Inserting (2) into (5) gives:
P,.dA,/dt = dg/dx +R

and expressing in finite difference form (over timestep, At fromtimetto t+1)

Po. (A2 - AR) At = (Onea-an)/ AX + R
Rearranging (7) to solve for the new A, at timet+1,

A2 - Ag' = AP, [( gnsa-O) AX + R
Flux, g, in (8) can be calculated using (4), above, and R, AX and P, are input
parameters.
Thus, having solved for the new wetted cross sectional area, A,, the new value of

head at any section is given by:




Ah = AA>/w
where w isthe width of the section.

Thus h*t=h'+ (A" - A)Iw
Substituting equation (8) into (10) gives:
h* = h' + [(Qu+1-On)/AX + R] /AL /P2 Iw

The main calculation begins by first calculating flux for each cell, using equation (4),
in order from the top to the bottom of the tube. Equation (11) is then used to

determine the change in head at each section from the top to the bottom section.

Flowtube has an inbuilt code (Visual Basic) that calculates the new values of head for
each timestep using the process outlined above. Such equations can be detailed in
Flowtube version 1.0 Technical Reference, 2001.




